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Summary
Cloned complementary DNAs encoding the secretory proteins chick 
prelysozyme and calf preprochymosin were inserted downstream from 
various viral promoters in modified recombinant “shuttle" vectors. The 
microinjection of these constructs into the nuclei of Xenopus laevis 
oocytes resulted in the efficient expression of lysozyme and prochymosin 
proteins which were segregated into membranes and secreted by the oocyte. 
The signal sequences of the proteins were correctly processed as judged 
from molecular weight estimations. Injection of DNA encoding prochymosin 
without its signal sequence resulted in the synthesis of a prochymosin 
protein which was localised in the oocyte cytoplasm; whereas when DNA 
encoding mature chymosin was injected no proteins were detected by 
immunoprécipitation with prochymosin antisera. The same cDNAs were 
subsequently cloned into SP6 vectors and synthetic, capped RNA was 
prepared. Following cytoplasmic injection of SP6 RNA into oocytes the 
same compartmentation of the proteins was observed but again no chymosin 
protein was detected following injection of RNA encoding mature chymosin, 
although translation of this RNA in vitro produced a protein with the 
expected molecular weight of chymosin which was precipitated by 
prochymosin antisera.
The expression of preprochymosin messenger RNA, following 
cytoplasmic injection into oocytes and also using in vitro translation 
systems, showed the mRNA encoded two preprochymosin proteins 
specifically precipitated by prochymosin antisera. In the oocyte both 
forms were processed, segregated and secreted; whilst in vitro the 
precursors were cleaved on translocation within dog pancreatic microsomes 
where they became resistant to digestion by exogenous proteases. The 
translation of preprochymosin mRNA in vitro has previously been reported 
to produce only one major polypeptide on gel electrophoresis of products 
precipitated by antiprochymosin sera. The origin and nature of the two 
electrophoretically distinct species is not certain; but it was noted that 
the protein product of the cloned preprochymosin cDNA showed the same 
mobility on SDS-polyacrylamide gels as the faster migrating species 
encoded by the mRNA.
Two hybrid genes were constructed encoding proteins in which the 
signal sequence of prelysozyme was replaced with different N-terminal 
regions of preprochymosin. C«L contained a fragment from the
preprochymosin cDHA which encoded the signal sequence and the first six 
amino acids of prochymosin; this was fused to codons 8 to 129 of mature 
lysozyme. The second construct C*>L carried a larger portion of 
preprochymosin, up to codon 62 of prochymosin, with the same C-terminal 
region of lysozyme. These fusions showed poor and variable expression 
following nuclear injection of the hybrid genes contained in the shuttle 
vector. However cytoplasmic injection of the corresponding SP6 RNAs 
demonstrated that both fusion proteins were synthesized in the oocyte 
and segregated into membranes, but did not get secreted from the oocyte. 
The distribution of CtiL protein within the oocyte corresponded with that 
observed for the majority of other secretory proteins Including 
preprochymosin, with most protein fractionating with vesicles. In 
contrast C«L displayed the anomalous fractionation previously observed
for lysozyme, with approximately equal amounts of the processed protein 
fractionating with the cytoplasm and the membranes. Relative to the
precursor polypeptides produced by in vitro translation of the SP6 RNAs 
for C«L and C«L, the respective proteins expressed in oocytes each showed 
an increased mobility on electrophoresis consistent with the cleavage of 
the signal peptide. The same processing of the preC«L and preC«tL proteins 
was observed when in vitro translation was carried out In the presence of 
pancreatic mlcro6omes. The observed compartmentation and processing of 
these hybrid proteins Indicates that a eukaryotic signal sequence
functions autonomously in Initiating the translocation of secretory
proteins, but that other properties of the protein conformation are 
necessary to achieve subsequent secretion.
xl
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- UTRODUCT IOl-
I.A. I8IKACELLULAR SORTIMG -QE RRQIEIRS
I.A.1. Preamble
It is evident when one considers the diverse location of proteins in 
a eukaryotic cell that there is a necessity for mechanisms which direct 
proteins to their correct subcellular compartment. Keans are required to 
distinguish proteins destined for export or for specific organelles 
(ie. mitochondria, endoplasmic reticulum, Golgi body, lysosomes) from 
those which remain in the cytoplasm. In this process of protein 
segregation each transported protein must cross (translocate! at least 
one membrane. The sorting of proteins to particular compartments results 
in organelles with a characteristic protein complement, both in terms of 
content and membrane composition.
In this section I will be discussing current views of the 
mechanisms involved in intracellular protein sorting, with reference 
primarily to eukaryotes but also to prokaryotes since both these systems 
share common features. More recent reviews on this subject are given by 
Davis & Tai(1980), Kreil(1981>, Lodish et ai(1981), Sabatini et aJ(1982), 
Strauss 8 Boime(1982), Silhavy et al(1983) and Vlckner & Lodish(1985). As 
this thesis concerns a particular class of proteins, those secreted by 
the cell, the emphasis will be on the processes which result in the 
segregation of these proteins and also their transport to the cell 
surface for export.
I.A.2. Translocation into the Endoplasmic Reticulum
It was the classical work of Palade and his colleagues (summarised 
in Palade,1975) which established the intracellular route taken by 
secretory proteins. They found that secretory proteins were synthesized 
on membrane bound ribosomes and segregated immediately into the 
endoplasmic reticulum (ER) without appearing in the cytoplasm; from the 
ER the proteins were transported to the Golgi complex and then to 
secretory vesicles prior to discharge from the cell. Thus it appeared 
that proteins destined for export were distinguished at synthesis and 
were sequestered into the ER as the initial step along the secretory 
pathway.
1
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Figure 1,1 The original ‘Signal Hypothasia1
Representation of tha tranalocation acroaa tha ER aeabrane of nascent secretory proteina, 
according to tha original poatulataa of tha Signal Hypotheaia (Blobel 4 Sabatini,1971;
Blobel & Dobberstein,1 9 7 5 » ) ,
Kty; D signal peptidase
i t ; j  r n A encoding the lignai sequence /---
------  nascent polypeptide C_^ ribosome >
*** signal peptide unknown membrane proteins
The signal hypothesis
In 1966 Redman & Sabatini demonstrated that proteins being 
synthesized on membrane-bound ribosomes were vectorially discharged into 
the ER. Studies by Milstein et al<1972) on the translation of 
immunoglobulin light chain messenger RIA (aRIA) in cell free systems 
found that the primary translation product of this secretory protein was 
a larger precursor. Subsequent In vitro translation experiments 
established that this precursor could be taken up and processed to the 
authentic mature product by dog pancreatic microsomes added at the start 
of translation (Blobel A Dobberstein,1975a and b). However addition of 
microsomes after completion of the polypeptide chain resulted in neither 
translocation or processing, which indicated that translation and 
translocation were obligatorily coupled. Such early observations led to 
the proposal of the ‘Signal Hypothesis' for the mechanism by which 
secretory proteins are distinguished and sequestered for export (Blobel A 
Sabatini, 1971; Blobel & Dobberstein,1975a and b). In its original fora a 
number of postulates were made, these are represented in Figure 1:
1) mRNAs of proteins to be translocated across a membrane encode after 
the Initiation codon a specific sequence of amino acids, termed the signal 
sequence.
2) Translation of aRIAs containing a signal sequence Initiates on free 
ribosomes in the cytoplasm, but when the signal sequence emerges from 
the large subunit of the ribosome it causes attachment of the ribosome to 
the membrane.
3) Translation then continues on the membrane bound ribosome and is 
coupled to translocation as specific interactions with aeabrane proteins 
fora a transient proteinaceous pore through which the nascent polypeptide 
is vectorially discharged across the aeabrane, in a thread-like manner.
4) Processing of the signal sequence occurs on the extracytoplasaic face 
of the aeabrane and the complete, aature polypeptide is released into the 
aeabrane compartment.
In their original paper Blobel A Dobberstein (1975a) suggest that 
the signal hypothesis of co-translatlonal translocation could apply not 
only to secretory proteins but also to other proteins which transfer 
across the ER, like those destined for lysosoaes, and to those proteins 
which cross other aeabranes such as cytoplasalcally synthesized 
mitochondrial proteins. Indeed the Signal Hypothesis has remained a 
working model for protein translocation but has been extended and revised 
in the light of subsequent findings.
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Structure and position of signal sequences
Work by Schechter et al(. 1975) with immunoglobulin light chains 
provided the first demonstration that a secretory protein precursor did 
contain an amino-terminal peptide extension. Examples were also soon 
found of transmembrane (Lingappa et al,1978a) and lysosomal proteins 
(Erickson et al, 1981) synthesized with transient N-terminal signal 
peptides. Since the nascent transmembrane protein competed for uptake 
with a nascent secretory protein this suggested the two shared a common 
translocation pathway. It is now thought that all polypeptides which 
translocate the ER use the same transport machinery.
It was initially expected that signal sequences would show 
considerable structural homology since they were proposed to interact 
specifically with other proteins. However no uniformity of amino acid
sequence or length of signal peptides has been observed; yet there is a
common theme of a total of 15 to 30 amino acids with one or more basic, 
charged amino acid at the H-terminus, followed by a longer domain of 
hydrophobic amino acid residues, then towards the COOH end the
hydrophillcity increases, with small side chain amino acids occurring 
around the cleavage site. This implies that constraints are imposed on 
the secondary structure of the signal peptide; and these observed
structural features of signal sequences have been used as the basis of 
alternative hypotheses of protein segregation, which are discussed later. 
A more detailed consideration of the structural requirements of a signal 
sequence for a co-translational translocation is given in section B.3.
To date all eukaryotic secretory proteins studied have been found to 
have transient 1-terminal signal sequences, with the notable exception of 
ovalbumin (Palmlter et al, 1978). However it has been found that a number 
of integral membrane proteins do not possess a signal sequence which is 
cleaved on translocation; for example the erythrocyte anion transport 
protein - Band III (Braell A Lodish,1982a), cytochrome P-450 (Bar-Xun 
et al,1980; Sakaguchi et al,1984), and the viral proteins Influenza 
neuraminidase (Xarkoff et a.1,1984) and the corona virus protein El 
(Rottler et 41,1984). For some of these uncleaved translocated proteins it 
has been demonstrated that the IHi-terminal region does act as the signal 
for translocation; for example a chimaeric influenza cDHA was constructed 
which encoded the first 40 amino acids of neuraminidase fused to 
haemagglutlnin minus its normal cleaved signal peptide, when this was 
expressed in cells the chimaeric haemagglutlnin was translocated into the 
rough ER and glycosylated (Bos et a.1,1984). The case of Band III showed a 
number of deviations from the classical Signal Hypothesis; in this
3
protein the N-terminal half of the protein faces the cytoplasm while the 
COOH half spans the membrane several times. Synchronised in vitro 
studies showed the protein was cotranslationally inserted into dog 
pancreatic microsomes without cleavage, but that insertion still occuired 
if microsomes were added as late as the time when about 50% (450
residues) of the polypeptide had been synthesized (Braell ft Lodish,1982a). 
This suggested that in Band III the signal for translocation into the ER 
is internal, near the middle of the protein, and not at the HH* terminus. 
Thus signal sequences of secretory and integral membrane proteins can be 
N-terminal or internal, transient or permanent. It has been found that 
internal, uncleaved signal sequences of membrane proteins form regions 
which span the membrane (Markoff et al, 1984). These findings led to a 
major modification of the Signal Hypothesis in which a loop insertion of 
the N-terminal or internal signal sequence into the ER membrane was 
envisaged, and the idea of multiple signal sequences was Invoked to 
account for proteins which cross the membrane more than once 
(Blobel,1980). This sequence of events is depicted in Figure 1.2.
Components of the Translocation Machinery
A key proposal of the signal hypothesis was the involvement of 
specific membrane proteins in the translocation process; and Indeed it is 
this which distinguishes the hypothesis from others that have been 
proposed (discussed later). The development of iu vitro systems enabled a 
dissection and biochemical analysis of the process of translocation. 
Early work by Krelbich et al( 1978a and b) identified two integral 
membrane proteins, found only in microsomes derived from rough ER, which 
appeared to be components of the ribosome binding site and could be 
cross-linked to the ribosome large subunit; these were designated 
ribophorin I and II. Evidence of a saturable membrane receptor for 
translocated proteins then came from the work of Majzoub et ai(1980). In 
the late 1970s and early 1980s several lines of Investigation found that 
translocation could be Inhibited in vitro by the treatment of microsomes 
with agents which affect proteins, such as proteases, alkylating agents 
and high ionic strength buffers (Varren ft Dobbersteln,1978; Valter 
et al, 1979; Prehn et aj,1980; Jackson et ai,1980; Meyer ft Dobbersteln,1980a 
and b; Prehn et aJ,1981). These led to the identification of two 
components from canine pancreatic microsomes which are required for 
translocation of nascent polypeptides across membranes.
Dobberstein(1978) and later Valter ft Blobel(1980) purified a protein 
component from the high salt extract of microsomal membranes which
4
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Figure 1,2 The updited 'Signal Hypothaii*'
R#pr**antation of tha rtviMd 'Signal HypothMi*', dapicting co-tranalational 
Iran*location into tha ER aadiatad by SRP and SRP Racaptor (Hayar,1982; «aitar 
et il, 1984).
(a) A tranaaaabrana protain «ith a claavad N-tarainal tignai paptida,
(b) An intagral aaabrana protain oith tao intarnal tignai taquancat,
Syabolt includa thota utad in Figura 1.1 plut:
a
SRP SRP Racaptor
reconstituted translocation activity when added back to extracted 
membranes. This 11S (Xr=250,000) protein, termed the Signal Recognition 
Protein, is comprised of six polypeptide subunits Mr 72,000, 68,000,
54,000, 19,000, 14,000, and 9,000 in equal stoichometry; and at least one 
sulphydryl group is required for its activity. Later it was discovered 
that the signal recognition protein also contains a 7S RIA molecule which 
is essential to its structure and function (Valter & Blobel,1982; Valter 91 
Blobel,1983a), hence the ribonucleoprotein complex was renamed Signal 
Recognition Particle (SRP). The 7S RNA was found to be the cytoplasmic 
7SL RHA studied by Ullu et aJ(1982) and sequenced by Li et al( 1982); its 
organisation in the SRP has been elucidated by Gundelfinger et al(1983>. 
Extensive in vitro studies using the wheat germ cell-free system were 
carried out and from these a picture was built up of the role of SRP in 
translocation and of its relationship to the other microsomal component 
that has been characterised. This is described below and in the reviews 
of Meyer(1982) and Valter et al(1984), and is depicted in Figure 1.2.
Vhen the signal sequence of a secretory protein emerges from the 
large subunit of the ribosome it interacts specifically with SRP, which 
binds selectively to wheat germ ribosomes synthesizing secretory 
proteins, but not cytoplasmic proteins (Valter et aJ,1981). Cell 
fractionation studies have shown that SRP is associated with the 
cytoplasm, and both membrane-bound and free ribosomes (Valter & 
Blobel,1983b). The Interaction of SRP with the signal peptide results in a 
site-specific arrest of translation which is released on the selective and 
SRP-medlated binding of the elongation-arrested ribosome to microsomal 
membranes (Valter & Blobel,1981a and b>. Completion of the nascent 
polypeptide chain coupled to translocation into the microsomal vesicle 
then takes place.
A second ER specific membrane protein was also found to be required 
for vectorial transfer of secretory proteins; this 72kd protein is 
inactivated by sulphydryl group blocking agents and has a cytoplasmic 
domain of 60kd which is released from the membrane by certain proteases, 
resulting in abolition of translocation activity (Meyer A
Dobbersteln,1980a and b; Meyer et al, 1982a). Meyer et al(1982b>
subsequently reported that this 72kd protein Interacted with SRP and 
relieves the SRP-Induced arrest of translation seen in the wheat germ 
system, allowing translation to proceed; accordingly they called this 
protein Docking Protein. Independent work by Gilmore et ai(1982a and b> 
also identified this 72kd integral membrane protein as responsible for 
releasing the SRP-mediated elongation arrest of nascent secretory
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polypeptides, but they refer to the protein as the Signal Recognition 
Particle Receptor. Recently the function of different proteolytic
fragments of the Docking Protein was analysed and a 13kd part of the 
cytoplasmic domain was identified as essential for the membrane 
association of the SRP-ribosome complex and release of translational 
arrest (Hortsch et al,1985>. Further information on the topology and 
functional domains of the SRP Receptor was gained from studies by Lauffer 
et al(1985), which included the isolation and sequencing of a SRP
Receptor cDHA clone. It appears that a transient interaction of the 
ribosome-bound SRP with the SRP Receptor in the membrane causes the
displacement of SRP from the ribosome, but it does not result in binding 
of the SRP Receptor to the translating ribosome (Gilmore & Blobel,1983). 
Recent in vitro studies using protein denaturants indicate that other ER 
membrane proteins, besides SRP Receptor, are responsible for signal
sequence binding to the membrane and the subsequent translocation of the 
nascent chain (Gilmore & Blobel,1985).
The discovery of SRP and its properties, of binding to the signal 
sequences of nascent secretory polypeptides and causing translation 
arrest until it mediated the interaction with the ER membrane via the SRP 
Receptor, could all be very neatly accommodated in an updated Signal 
Hypothesis (see Figure 2). Whilst the concept of a translational arrest of 
proteins destined for translocation seems sensible energetically, as it 
ensures synthesis does not occur in the absence of translocation, not all 
the in vitro experimental data was consistent with this idea and there is 
increasing evidence that the model of translation-arrested insertion may 
not be valid either for all In vitro cell-free systems or in vivo 
(reviewed and discussed in Hortsch 4 Meyer,1984). It has been found that 
SRP is also required for the integration into microsomes of integral 
membrane proteins, for example acetylcholine receptor 5-subunit (Anderson 
et al,1982), calcium ATPase, lens plasma membrane MP26 (Anderson et 
al,1983), cytochrome P-450 (Sakaguchi et nl,1984) and corona virus El 
(Rottier et al, 1985). However a SRP-induced elongation arrest in the wheat 
germ system was only demonstrated for the acetylcholine receptor 
5-subunlt, which contains a cleavable signal sequence, and for the 
uncleaved corona virus El protein; the translation of the other two 
proteins, which also have permanent signal sequences, was not inhibited 
by SRP in the wheat germ system. The phenomenom of translation arrest 
has in fact only been observed in the wheat germ cell-free system. It has 
been shown that the same mRIAs which display SRP-induced elongation 
arrest in the wheat germ are freely translated in both a rabbit
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reticulocyte lysate and a He-La cell-free system, in the presence of 
endogenous and high exogenous levels of SRP; and in these systems the 
secretory proteins are translocated and processed by SRP-depleted 
microsomes (Meyer et al, 1982b; Meyer,1985). It is suggested that the 
phenomenom of the SRP-induced arrest in wheat germ is an artefact due to 
the system being reconstituted from heterologous components - canine SRP 
and membranes, with plant ribosomes (Hortsch 4 Meyer,1984; Meyer,1985). 
Clearly caution should be taken in interpreting the results obtained from 
in vitro systems, and extending them to the translocation process in 
vivo. It also is evident that not all the components of the translocation 
machinery are Identified or fully characterised.
Early work with several in vitro systems (Milstein et al, 1972; 
Blobel 4 Dobberstein, 1975b; Szczesna 4 Boime,1976; Valter et al,1979)
established the location, on the lumenal side of the ER membrane, of a 
protease which removes the signal peptide during translocation; this 
enzyme was termed 'signal peptidase’, and does not show species- 
specificity. Detergent solubilised signal peptidase from dog pancreas 
microsomes correctly cleaved in vitro synthesized full-length
preprolactin, but less than 50% of these precursors reacted with the 
solubilised enzyme (Jackson 4 Blobel,1977). Hone of a range of inhibitors 
of proteolytic enzymes were found to inhibit the activity of the 
solubilised signal peptidase (Jackson et ai ,1980), but it was found 
that its activity depended on phospholipid (Jackson 4 Vhite,1981). Using 
hen oviduct RER membranes Lively 4 Walsh (1983) developed a protocol for 
solubilising and partially purifying signal peptidase, which they found to 
be an integral membrane protein; the solubilised enzyme retained the 
activity and specificity of the membrane-bound form. Perlman 4
Halvorson(1983) analysed the distribution of amino acid residues around 
the signal sequence cleavage site of several proteins, and observed that 
a 0-turn occurs in the polypeptide chain near the cleavage site and that 
Ala-X-Ala is the most frequent sequence preceeding the cleavage site.
They proposed a signal peptidase recognition site of A-X-Bl, where i is
the site of cleavage, X is any amino acid, B is Ala, Gly or Ser, and A can 
be B-type residues or larger aliphatic amino acids - Leu, Val and lie. 
Von Heijne(1983,1984a) has made similar comparisons and he proposed a
'(-3 ,-1 ) rule’ for a functional cleavage site: the last amino acid of the 
signal peptide (position -1) must be Ala, Ser, Gly, Cys, Thr or Gin, 
position -3 must not be a large polar(Asn, Gin), aromatic or charged 
residue, and no Pro residues are permitted in the region -3 to +1. Using 
hydrophilic analogues of leucine and threonine Hortln 4 Bolme(1980,1981)
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have shown that incorporation of these analogues into secretory proteins 
in vitro and in vivo may result in inhibition of segregation and 
processing, or miscleavage of the precursor; although it should be pointed 
out that amino acid substitutions also occurred in regions other than the 
signal sequence. Their data indicates that modification of the structure 
of the secretory precursor can alter or block the signal peptidase 
cleavage site, but that the complete and accurate removal of the signal 
peptide is not required for secretion.
The updated signal hypothesis and alternative models of protein 
translocation
It was mentioned earlier that other mechanisms, besides the Signal 
Hypothesis, have been proposed to account for the compartmentation of 
proteins into the ER. One aspect of the original Signal Hypothesis which 
has provided controversy is the obligatory coupling of translation to 
translocation. As described earlier several in vitro experiments showed 
the co-translational translocation of a number of secretory and membrane 
proteins; however it does not appear that the segregration of all 
membrane proteins is a strictly co-translational or SRP-mediated event. 
An example is the behaviour of cytochrome bi which is anomalous in 
several respects; not only is it synthesized on free ribosomes 
(Rachubinski et al,1980), but its integration into microsomes was found 
to be Independent of SRP (Anderson et al,1983). It was also found that 
cytoplasmically synthesized mitochondrial and chloroplast proteins were 
post-translationally translocated in vitro into their respective 
organelles (see A.4.). Although many features of the Signal Hypothesis 
were found to apply to the export of proteins in prokaryotes, thus 
implying a universal translocation mechanism (discussed in A.5); it was 
observed that several exported prokaryotic proteins were segregated 
post-translationally. For example the precursor of the H13 phage coat 
protein was shown to be synthesized complete prior to its conversion into 
the processed, membrane-bound protein (Ito et al, 1980). Consideration of 
the above experimental data and theoretical calculations based on the 
observed structure of the signal peptide has given rise to several 
alternative theories to the Signal Hypothesis.
The Membrane Trigger Hypothesis, pioneered by Wickner(1979,1980), 
proposes the role of the signal peptide is to allow the growing 
polypeptide chain to fold in a manner compatible with the aqueous 
environment of the cytoplasm and then, on binding to the appropriate 
membrane, a conformational change occurs exposing hydrophobic residues.
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thus facilitating transfer of the nascent polypeptide across the lipid 
bilayer. This model is distinct from the Signal Hypothesis since neither 
protein transport components nor a specific ribosome-membrane
interaction is required; and it is envisaged that the signal peptide 
interacts with sequences present in the mature protein. The Helical 
Hairpin Hypothesis (Engelman 4 Steitz,1981) and the Direct Transfer Model 
(Von Heijne 4 Blomberg,1979; Von Heijne,198l«0 were based on theoretical 
considerations of the energetics involved in the transfer of a 
polypeptide chain from a polar to a non-polar environment; it is proposed 
that the hydrophobic signal sequence can directly and spontaneously 
penetrate the lipid bilayer to initiate translocation. Like the Membrane 
Trigger Hypothesis these models do not envisage the specific interaction 
of the signal sequence with membrane proteins which is a key point of 
the Signal Hypothesis, and these theories have largely been outdated by 
the discovery of SRP and SRP receptor. However, as yet, no membrane 
proteins have been characterised which are directly involved in binding 
the signal sequence in the context of the ribosome to the membrane, or in 
the transfer of the nascent chain across the ER membrane.
The concept, contained in the signal hypothesis, that a discrete 
region of a polypeptide, the signal sequence, is responsible for 
targetting a protein to the ER was subsequently extended in the theory of 
topogenic sequences of Blobel(1980), which proposes the subcellular 
location and orientation of all compartmented proteins is directed by a 
limited number of discrete and autonomous elements of the polypeptide; 
this is discussed fully in section B.
It should be noted that the evidence for co-translational 
translocation of eukaryotic proteins is purely derived in vitro, and the 
evolving concept of membrane translocation overall is no longer of a 
universal mechanism which covers all systems, but of 'variations on a 
theme’ which range from a co-translational to an entirely post- 
translational process (Vlckner 4 Lodish,1985>. Vhilst the initial steps of 
the translocation of secretory and membrane proteins into the ER have 
been partially elucidated, mainly from In vitro work, it is not understood 
how the nascent chain is subsequently transferred across the membrane 
bilayer, although it is known that this is an energy Independent process. 
It is possible that facets of the other models outlined above may 
ultimately be incorporated into the Signal Hypothesis to provide a 
complete picture of the translocation process.
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The primary concern of this thesis is the initial step in the 
secretory pathway - the translocation of proteins into the ER, which has 
been dealt with in the previous section. Here I will consider in less 
detail the subsequent steps in the localisation of secretory and membrane 
proteins; more information can be found in the reviews cited in A.I., and 
those of Farquar 8r Palade(1981 ), Tartakoff(1982), Dunphy & Rothman(1985> 
and Rothman(1985) which deal with the Golgi apparatus, and Kelly(1985) 
which discusses constitutive and regulated pathways of protein secretion.
Endoplasmic reticulum to Golgi complex
In addition to the proteolytic cleavage of transient signal peptides 
two other types of modifications can occur to translocated proteins in 
the rough ER (RER); these are the formation of intra- and intermolecular 
disulphide bridges, and the addition, plus first processing stages, of 
asparagine-linked glycosylation. It is possible that fatty acylation also 
occurs in the ER.
Glycosylation is a characteristic, although not a universal, feature 
of secretory and membrane proteins, and experiments carried out by 
Rothman and his coworkers (Rothman 4 Lodish,1977; Rothman et al, 1978) 
showed that glycosylation of the Vesicular Stomatitis Virus transmembrane 
glycoprotein (VSV-G) occulted on the nascent, growing polypeptide chain, 
but that this co-translatlonal glycosylation was not essential for 
membrane insertion. The initial step in the glycosylation of proteins 
involves the transfer of an oligosaccharide precursor to asparagine 
residues in the nascent chain which must be part of the sequence 
-Asn-X-Ser- or -Asn-X-Thr-, where X is any amino acid except Pro; this 
co-translatlonal F-glycosylation takes place in the RER (see Hanover & 
Lennarz, 1981 >. The Asn-linked oligosaccharides are subsequently post- 
translationally processed and modified to form complex oligosaccharide 
side chains, in an ordered assembly process which is initiated in the RER 
but is largely carried out in the Golgi complex (reviewed in Kornfeld 4 
Kornfeld,1985). The removal of three glucose and one mannose residues 
from the primary side chain (which consists of three glucose, nine 
mannose and two I-acetylglucosamine residues) occurs in the RER. It was 
found that the maturation of certain secretory proteins from the RER to 
the Golgi body depended on early steps of the Asn-linked oligosaccharide 
processing taking place; but the inhibition of the trimming of I-llnked 
oligosaccharides did not affect the transfer of other secretory proteins, 
or interfere with the surface expression of some Integral membrane
I.A.3. Transport of Proteins Beyond the Endoplasmic Reticulum
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proteins (Lodish 4 Kong,1984; Burke et al, 1984). The passage of proteins 
from the RER to the Golgi complex often seems to be the rate limiting 
step in intracellular transport but it does not appear to be a 
synchronous process; instead several secretory proteins (glycosylated and 
non-glycosylated) have been found to migrate at different, characteristic 
rates, which show up to ten-fold variation (Lodish et al,1983; Fries et 
al,1984; Scheele A Tartakoff ,1985). This suggests that the transfer of 
proteins from the RER to the Golgi is not a bulk-phase movement but is 
selectively mediated by membrane-bound receptors, and transport vesicles 
are thought to be involved. Studies in yeast (reviewed in Scheckman,1982> 
have shown that the transport of proteins from the RER to the Golgi 
complex requires energy and the Involvement of at least 9 gene products.
The Golgi complex
The Golgi apparatus plays a crucial role in the processing and 
sorting of polypeptides (reviewed in Farquar A Palade,1981;
Tartakoff ,1982; Dunphy 4 Rothman,1985 and Rothman, 1985). The Golgi 
complex typically consists, in mammals, of an asymmetric stack of 
flattened, smooth membrane-bound clsternae, and recent work shows it is 
organised into three functionally and composltionally distinct
compartments (Griffiths et al, 1983; and see also reviews of Dunphy 4 
Rothman,1985; Rothman, 1985).
The step wise processing of I-linked oligosaccharides has been 
elucidated using a variety of biochemical and immunocytochemical 
techniques (see Dunphy & Rothman,1985; Rothman,1985; Kornfeld 4 
Kornfeld,1985); it occurs in a strict sequence of events as proteins enter 
the els face of the Golgi apparatus from the RER, bearing the same 
oligosaccharide chains, and then pass through the els, medial, and trans 
compartments where processing and construction of oligosaccharides is 
carried out. Lysosomal proteins are distinguished from secretory and 
membrane proteins by the specific phosphorylation of mannose residues on 
at least one oligosaccharide side chain, which probably takes place in 
the els clsternae (Reltman A Kornfeld,1981 ; Varki 4 Kornfeld, 1981 ; Vaheed 
et al, 1981a and b). The processing of other protein side chains involves 
the removal of mannose residues and the addition of I-acetylglucosamine 
in the medial compartment, followed by addition of galactose and sialic 
acid residues in the traas clsternae. O-llnked glycosylation of serine, 
threonine or tyrosine residues also takes place in the Golgi complex 
(Hanover A Lennarz,1981).
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Individual proteins can display a heterogeneity in their 
glycosylation patterns and it is not clear to what extent the accurate 
and specific glycosylation of membrane and secretory proteins is 
necessary for their correct localisation; the experimental data indicates 
that each protein needs to be considered individually. It has been 
suggested that oligosaccharide side chains may form part of the
recognition site for transport receptors (Olden et al,1982), although 
experimental evidence for such receptors has yet to be published. As
mentioned earlier, it was found that inhibition of trimming of H-linked 
oligosaccharides did not interfer« with the surface membrane expression of 
human class 1 histocompatibilty antigens, influenza haemagglutinin and 
VSV-G (Burke et al, 1984), yet inhibition of the RER processing step 
prevented the secretion of al-antitrypsin and al-antlchymotrypsin, but 
not of transferrin, C3 and albumin - since albumin is unglycosylated this 
last result is not surprising (Lodish & Kong,1984). It was also found 
that inhibition of H-glycosylation of influenza neuraminidase greatly 
reduced its appearance at the cell surface when neuraminidase cDMA cloned 
into a SV40 expression vector was infected into cells (Markoff et 
al,1984). Experiments with al-acld glycoprotein showed that non- or
partially glycosylated molecules were secreted more slowly than the fully
glycosylated native form; when a threonine analogue, which interferes with 
Asn-linked glycosylation, was incorporated into the protein both 
glycosylation and secretion were inhibited, but it was not possible to 
distinguish what effects on the intracellular transport were due to 
changes in the peptide backbone or to the extent of glycosylation 
(Docherty & Aronson,1985). The transmembrane protein VSV-G has been 
widely studied as a model for glycoprotein biosynthesis, it was found 
non-glycosylated VSV-G failed to reach the plasma membrane when 
tunlcamycln was used to block M-llnked glycosylation (Gibson et al, 1978; 
Morrison et al,1978). However it has recently been shown that 
I-glycosylation at either of the two normal sites is sufficient to 
transport VSV-G to the cell surface nearly as efficiently as wild-type 
doubly glycosylated VSV-G; but that nonglycosylated mutants were trapped 
in the Golgi (Machamer at al,1985).
The specific phosphorylation of mannose residues in lysosomal 
enzymes is recognised by a mannose-6-phosphate receptor and is important 
for their correct routing within the cell (see Sly à Fischer,1982). The 
role of glycosylation as a protein sorting signal is discussed further in 
section B.
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It has been proposed, as a simple model, that in the absence of 
other specific signals proteins sequestered in the ER ultimately get 
secreted at the cell surface, whilst retention at some location along the 
secretory pathway requires ancillary signals. Experimental evidence which 
supports this hypothesis, ie. Viedman et al<1984), Poruchynsky
et al(1985), is discussed later (I.B.5). It is expected, however, that
certain properties of the secretory polypeptide would be necessary to 
enable its transit through the cell, such as solubility in the milieu of 
the ER and Golgi complex. Two alternative secretion pathways exist - 
constitutive and regulated, the latter occurs in specialised secretory 
cells but both pathways can be found in the same cell (reviewed by
Kelly,1985). Vhilst the above model may be true for constitutive 
secretion, in cells which display regulated secretion secretory proteins 
destined for storage must contain information to target them to the 
storage secretory vesicles until secretion is triggered. It is envisaged 
that membrane proteins are treated like secretory proteins but are 
anchored in the membrane by a segment(s) of the polypeptide which cannot 
translocate the ER membrane and, unless retained along the secretory
pathway, membrane proteins will appear in the plasma membrane. At some 
stage in polarised cells proteins destined for the basolateral and apical 
domains of the plasma membrane must be segregated and correctly routed. 
ER membrane proteins must contain information which specifies that they 
remain as components of the ER; and a parallel situation must occur for 
proteins which are components of the Golgi apparatus. Lysosomal enzymes 
are also diverted from the route to the cell surface.
The mechanisms by which proteins travel through the Golgi complex 
and to the cell surface are not yet understood, nor is it clear at what 
stage proteins destined for different subcellular compartments are routed 
to their correct location. Using temperature sensitive mutants, which 
enabled the synchrony of transport, and immunoelectron microscopy 
Bergmann ft Singer (1983) showed the transfer of VSV-G from the ER to the 
Golgi (possibly in small, 50-70nm, vesicles), and then to the plasma 
membrane via vesicles of 200nm diameter. Rothman et al(1984) concluded 
from their experiments that transport through the Golgi was a vectorial 
process in which successive lnterclsternal transfer occurs by the budding 
and fusing of transport vesicles. Immunoelectron microscopy was also used 
by Strous et al( 1983) in experiments which demonstrated that VSV-G, a 
protein which appears at the cell surface, is present in the same RER 
cisternae, Golgi compartments and secretory granules as both a secretory
Sorting of proteins after the endoplasmic reticulum
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glycoprotein (transferrin) and a non-glycosylated secretory protein 
(albumin). Experiments by Gumbiner & Kelly(1982) with specialised 
secretory cells, which have both constitutive and regulated pathways of 
protein secretion, found that viral envelope proteins reached the surface 
in vesicles different from the secretory granules containing mature 
adrenocorticotrophic hormone. In another study, by Green & Shields(1984), 
which used growth-hormone secreting cells the results suggested that in 
these cells the membrane and regulated secretory proteins are sorted into 
distinct compartments either late in, or after exit from, the Golgi; these 
workers found that exogenously added somatostatin (which inhibits the 
secretion of various peptide hormones) selectively inhibited the secretion 
of growth hormone without reducing the appearance at the cell surface of 
VSV-G in the same cells. Work in polarised Nadine Darby Canine Kidney 
cells has shown that VSV-G, which is directed to the basolateral 
membrane, is found in the same trans Golgi compartment as influenza 
haemagglutinin or neuraminidase, which appear in the apical domain; these 
findings indicate that the divergence of the transport pathway for apical 
and basolateral membrane proteins occurs at a later intracellular stage 
(Fuller et al,1985; Rindler et aj, 1985; Pfeiffer et aJ,1985). The Mannose- 
6-Phosphate Receptor which binds to the specifically phosphorylated 
lysosomal enzymes is concentrated in the els Golgi cisternae when 
phosphorylation is taking place (Brown & Farquar,1984), but as some 
lysosomal enzymes are sialated this indicates they pass through the traos 
Golgi. Recent lmmunoelectron microscopy experiments showed coated 
vesicles budding off the trans Golgi were involved in the transport of 
lysosomal enzymes from the Golgi to the lysosomes (Geuze et al, 1985).
There are also some reports that coated vesicles are involved in the 
transport of newly synthesized membrane proteins to the cell surface (eg. 
Bursztaln & Flschbach,1984).
I.A.4. Post-translational Transport into Organelles
In contrast to the co-translatlonal translocation of proteins across 
the ER, the compartmentation of proteins to other organelles in eukaryotic 
cells - nucleus, mitochondria, chloroplasts, peroxisomes and glyoxlsomes - 
is a post-translational process. As such these sorting mechanisms are 
distinct from those which are adopted by proteins following (all or part 
of) the secretory pathway. Since different organelles exist within the 
same cell mechanisms must distinguish proteins specific to each type of 
organelle, and their correct suborganellar location. Details of each 
system can be found in the reviews cited below and in Lodlsh et ai(1981)
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and Strauss A Bolme(1982). Here I will only briefly summarise what is 
understood of the localisation of polypeptides to the mitochondrion and 
chloroplast, to provide a comparison of the features of these post- 
translational translocation mechanisms with the process of translocation 
across the ER (described in I.A.2), and to protein translocation in 
prokaryotes which is described in the next section (A.5). The transport 
of proteins to the nucleus is quite different to the translocation of 
proteins into other organelles and to translocation across the ER, as 
nuclear proteins do not translocate the membrane to enter the organelle 
but pass instead through pores in the nuclear envelope. A discussion of 
the theories and experimental information on transport of proteins to the 
nucleus can be found in the reviews of Bonner<1978), De Robertis<1983) 
and Dingwall(1985).
Import into mitochondria
The import of proteins into mitochondria has been the most widely 
studied post-translational sorting process; the experimental evidence and 
theories concerning the localisation of mitochondrial proteins are 
discussed fully in the reviews of Chua A Schmidt (1979), leupert A 
Schatz<1981), Schatz A Butow(1983) and Hay et all1984). Proteins are 
found in four compartments within the mitochondrion - the outer 
membrane, the Intermembrane space, the inner membrane and the matrix. 
Although the mitochondrial genome encodes some mitochondrial proteins 
most are translated from nuclear-encocded transcripts on polysomes in 
the cytoplasm (Suissa A Schatz,1982). The newly synthesized polypeptides 
are subsequently transported to and recognised by the mitochondria prior 
to translocation across one or both mitochondrial membranes, with 
processing and assembly to form functional proteins. It is evident now 
that different mitochondrial proteins use disparate mechanisms of import; 
but in general the transport of proteins to the intermembrane space, 
inner membrane and matrix share common features which are distinct from 
the integration of outer membrane proteins. Details of the translocation 
mechanisms are not known, neither is it clear how the sorting process 
discriminates proteins destined for different compartments.
Like secretory proteins the primary translation product of most 
mitochondrial proteins is a precursor with an I-termlnal extension 
relative to the mature polypetide (Xacchecchlnl et al,1979). Since these 
precursors are detected in vivo this demonstrates that vectorial 
translation is not obligatory to impart. In contrast with the signal 
peptide of secretory and membrane proteins the I-termlnal extension Is
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quite long <40-70 amino acids) and polar (Viebrock et al, 1982; 
Watson,1984). Hot all mitochondrial proteins are synthesized as 
precursors, an exception is the apoprotein of cytochrome c (Zimmerman 
et al, 1979), but there is evidence that these polypeptides and those with 
I-terminal extensions adopt a configuration in the cytoplasm which is 
different to their mature form, and this may be pertinent to the import 
process. Precursors, but not the mature forms, of several mitochondrial 
proteins have been shown to specifically associate with the outer 
membrane and then Internalise into mitochondria; translocation, but not 
binding, required an energised membrane (Riezman et al ,1983). 
Apocytochrome c, however, binds to a different receptor and does not 
require an electrochemical potential for import to the inner membrane
(Zimmerman et aJ,1981; Hennig et ai,1983). Whilst apocytochrome c does 
not require energy for its Import to the inner membrane, the transport of 
other proteins to the same location, or to the intermembrane space and 
matrix, is energy dependent (Gasser et aJ,1982>. It appears that the
transfer of precursors into the inner membrane or matrix space occurs 
through 'translocation contact sites’ where the precursor can span both 
inner and outer membranes (Schleyer & Heupert,1985). Proteolytic 
processing of precursors also occurs for polypeptides with different 
destinations. In the case of cytochrome b2 (an intermembrane space 
enzyme) and cytochrome c> (inner membrane protein) the cleavage process 
is in two steps; the first requires an energised inner membrane and
results in a membrane-bound intermediate, this is cleaved by a second
enzyme yielding the mature form correctly localised (Daum et al, 1982; 
Ohashi et aJ,1982).
Distinctive features are common to the transport of proteins to the 
outer mitochondrial membrane. These proteins are not synthesized as 
larger precursors, nor does insertion require energy or any covalent 
modification of the protein, and there is little evidence for the 
Involvement of receptors. It appears that binding and integration are 
separate events with a conformational difference between the bound and 
integrated forms (Gasser & Schatz,1983>.
Recent use of recombinant DIA techniques to create chlmaerlc 
proteins has led to the identification of specific regions involved in the 
targetting and cleavage of certain mitochondrial proteins; studies include 
proteins normally located in the outer membrane (Hase et al, 1984) and 
matrix (Hurt et al, 19840. This evidence for the involvement of topogenic
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sequences in the localisation of mitochondrial proteins will be discussed 
in section B.4.
Transport of proteins Into chlaroplasts
Less is known about the transport of proteins into chloroplasts; the 
published work is discussed in the reviews cited at the beginning of this 
section and in Chua & Schmidt(1979) and Robinson(1964). The chloroplast 
structure is similar to the mitochondrion, both being enclosed by two 
delimiting membranes; but in chloroplasts the thylakoids constitute a 
third suborganellar membrane with its enclosed thylakoid space. Most 
chloroplast proteins are synthesized in the cytoplasm and many features 
of protein transport into this organelle show parallels to the import of 
mitochondrial proteins. Much of the work done has concentrated on the 
most abundant chloroplast protein the nuclear-encoded small subunit of 
rlbulose bisphosphate carboxylase (ssRuBPC). The primary translation 
product of this polypeptide was found to be a precursor, about 5000 
dalton larger than the mature form (Dobberstein et al,1977). It became 
clear that the signal hypothesis could not account for the uptake of 
ssRuBPC into the chloroplast since in vitro reconstitution experiments 
demonstrated the completed precursor was taken up and processed by 
intact, isolated chloroplasts in the absence of protein synthesis 
(Hlghfield ft Ellis,1976). Instead a post-translational transport model has 
been proposed in which the precursors released from cytoplasmic 
ribosomes then bind to specific chloroplast outer membrane receptors 
prior to uptake and processing. Specific binding of chloroplast protein 
precursors to isolated chloroplast envelopes has been demonstrated, and 
this did not need energy (Pfisterer et al,1982). The uptake process does 
appear to be energy-dependent, but in contrast to the Import of 
mitochondrial proteins the requirement was for ATP and not for a 
membrane potential. To date all the nuclear-encoded chloroplast 
polypeptides studied have been found to be synthesized as a larger 
precursor with an I-terminal extension, of 2000-5000 dalton6 , (see 
Robinson,1984) which is termed the transit sequence or peptide. A few 
transit peptides have been sequenced (see Vatson,1984> and these are over 
30 residues long and rich in hydrophilic amino acids. Removal of the 
transit peptide was found to prevent the uptake and processing of 
ssRuBPC by Isolated, Intact chloroplasts (Kishklnd et al.1985). It appears 
that the transit peptides are processed in two steps by a stromal enzyme 
during import of the precursor into the chloroplast, yielding the mature 
polypeptide (Smith ft Ellis,1979; Robinson ft Ellis,1984; Xlshklnd
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et ai,1985). Recent experiments indicate that the transit sequence does 
contain all the information necessary for correct localisation of 
chloroplast proteins, since foreign proteins can be targetted to the 
chloroplast by fusion to the transit peptide of ssRUBPC (Van den Broeck 
et a.2,1985; Schreler et ai,1985); these results are discussed later 
(section B.4.).
I.A.5. Sorting of Proteins in Prokaryotes
Whilst in prokaryotes there is not the range of subcellular 
organelle compartments which exist in the eukaryotic cell, transport 
mechanisms are still required for traffic of proteins to the plasma 
(inner) membrane, periplasm, and outer membrane of the Gram negative 
bacterial envelope, and for secretion. It is now apparent that protein 
sorting in prokaryotes does share common themes with the transport of 
eukaryotic proteins, but that a spectrum from co-translational to entirely 
post-translational translocation occurs through the same membrane. The 
aim here is to compare and contrast the two systems with a view to 
discerning to what extent results obtained in prokaryotic systems may 
provide information about protein transport in eukaryotes, in particular 
the translocation of proteins across the ER. lot surprisingly most work 
has been done with the Gram negative Escherichia coll. Reviews concerned 
with the sorting of proteins in bacteria can be found in Emr et al(1980>; 
Xichaells 4 Beckwith(1982); Silhavy et ai(1983); Wickner(1983); Benson 
et aJ(1985); Oliver(1985a) and Vlckner 4 Lodish(1985).
Support far co-translational translocation in bacteria
Analysis of nascent polypeptides associated with polysomes in E.coli 
showed that, as in eukaryotes, membrane-bound polysomes were 
synthesizing exported proteins, Including perlplasmic, outer membrane and 
secreted proteins (Cancedda 4 Schlesinger, 1974 ; Randall 4 Hardy, 1977). In 
1977 Smith et al provided direct evidence of vectorial co-translational 
translocation in vivo in prokaryotes by demonstrating that growing 
nascent polypeptide chains could be labelled by an extracellular reagent 
which did not cross the membrane of the E.coll spheroplasts; one of the 
major labelled products was the perlplasmic protein alkaline phosphatase 
previously found to be synthesized on membrane-bound ribosomes. In 
subsequent la vitro translation studies, which paralleled those of Blobel 
4 Dobberstein(1975a and b) with a eukaryotic system, Smith(1980) found 
that the precursors of two exported prokaryotic proteins, dlptheria toxin 
and alkaline phosphatase, were segregated within and processed by
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inverted E.coll inner membrane vesicles if these were added early in 
translation. If the cytoplasmic face of these vesicles was treated with 
pronase they were no longer translocationally competent, indicating the 
involvement of a cytoplasmically exposed inner membrane protein in the 
transmembrane transfer; outer membrane vesicles could not mediate 
translocation. At that time such close agreement with the postulates of 
the signal hypothesis led to the idea that the mechanism of membrane
translocation was universal to prokaryotes and eukaryotes. The finding 
that cleaved H-terminal leader peptides of secreted, periplasmic and outer 
membrane proteins of prokaryotes were similar in structure to signal
sequences of eukaryotic secretory and membrane proteins added weight to 
this idea (see Watson,1984).
Although it is now clear that there is not a single mechanism that 
applies to the transfer of all proteins across membranes, there is 
experimental evidence that the processes of translocation across the 
plasma membrane of prokaryotes and across the RER in eukaryotes are 
closely related, since components from one system will recognise and
functionally interact with components of the other. Fraser & Bruce (1978) 
reported that chick ovalbumin synthesized in E.coll, under the
transcriptional and translational control regions of the lac gene, was 
secreted through the cell membrane into the periplasmic space. Talmadge 
et aJ<1980,1981> studied the localisation in bacteria of a series of 
constructs containing fusions of different amounts of the periplasmic 
protein 0-lactamase and the eukaryotic secretory protein preprolnsulln. 
lot only was proinsulin, lacking its signal peptide, secreted by E.coll if 
fused to the signal sequence of pre-0-lactamase, but it was also found 
that if all the leader peptide of the bacterial protein was replaced by 
the signal sequence of preproinsulln the hybrid protein was still 
secreted. Consistent with results obtained with eukaryotic proteins (see 
A.2.) Muller et al(1982) translated in vitro synthesized pre-0-lactamase 
RMA in a wheat germ cell-free system and demonstrated both a 
SRP-medlated translation arrest and SRP-dependent translocation into 
canine pancreatic mlcroeomes, where the bacterial precursor was correctly 
cleaved. Likewise Kronenberg et ai(1983) found pre-0-lactamase was 
sequestered and accurately processed by pancreatic mlcrosomes in a rabbit 
reticulocyte lysate In vitro translation system. In addition Viedman 
et aJ(1984) have reported the secretion of pre-0-lactamase from Xenopus 
oocytes, following mlcrolnjectlon of la vitro synthesizsd capped RIA. 
These and other examples <ie. Llngappa et ai,1984; Gray et ai,1985)
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suggest a conserved mechanism of protein transport in eukaryotes and 
prokaryotes.
Evidence against EH-like translocation in prokaryotes
Studies of protein localisation in prokaryotes have tended to focus 
on a limited number of proteins, and one of these is the coat protein of 
the bacteriophage X13. This protein has been the subject of much work by 
Vickner's group which has demonstrated that Its mechanism of membrane 
insertion is quite distinct from an ER-like co-translational process. The 
X13 coat protein is integrated into the inner membrane of infected E.coll 
prior to forming the viral coat. Although the primary translation product 
of the coat protein, termed procoat, contains a 23 amino acid H-terminal 
leader peptide which resembles that of eukaryotic secretory proteins 
(Sugimoto et aj,1977), it was found by Ito et al(1979 and 1980) that this 
precursor was synthesized on free ribosomes in the cytoplasm and the 
soluble X13 procoat was post-translationally assembled into the 
cytoplasmic membrane and processed to the mature coat protein. In 
contrast also to integration into the RER this membrane insertion 
requires an electrochemical membrane potential, but the binding of 
procoat to the inner face of the plasma membrane is not prevented by 
uncoupling agents (Date et al, 1980a and b). In vitro experiments showed 
that phospholipid vesicles containing the bacterial processing enzyme 
leader peptidase (discussed later) were able to post-translatlonally bind 
and cleave X13 procoat, and some of the processed coat protein was 
inserted into the liposomes and spanned the bilayer; this suggests these 
are the only components required for binding and processing of procoat 
(Watts et al, 1981). Furthermore K13 procoat is integrated as 
transmembrane coat protein into canine pancreatic mlcrosomes in vitro 
under conditions when eukaryotic secretory protein precursors can not 
segregate (Watts et al,1983>. So it is clear that the membrane Insertion 
of this prokaryotic protein is not in accordance with the Signal 
Hypothesis, and the X13 procoat data provided the basis for the Xembrane 
Trigger Hypothesis proposed by Wickner(1979,1980).
It has been found that an energised membrane is required for export 
of periplasmic and outer membrane proteins (Enquist et al,1981 > and for a 
typical inner membrane protein which does not have a transient leader 
peptide (Wolfe A Wickner,1984). So it appears that, as with the Import of 
proteins to the mitochondria, a membrane potential Is essential for 
translocation of proteins In prokaryotes; but this Is In contrast to 
protein translocation across the ER.
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It became clear that for exported prokaryotic proteins there is no 
strict coupling of translocation to elongation of nascent polypeptide 
chains in vivo. By looking at the timing of signal sequence processing it 
appeared that, in E.coll, outer membrane and perlplasmlc precursors were 
processed at characteristically different stages during synthesis 
(Josefsson & Randall, 1981). Cleavage may either occur whilst translation 
is still in progress or after the precursor is complete, with some 
proteins showing both the co- and post-translational modes of processing. 
Vhere cleavage occurred co-translationally the proteolytic removal of the 
leader peptide was Initiated as late as when 80% of the precursor had 
been synthesized. These findings were supported by further work by 
Randall(1983) who studied the timing of translocation using the criterion 
of the accesslbilty of nascent chains of perlplasmic proteins to 
externally added proteases. She showed that for one protein, ribose 
binding protein, translocation occurs entirely post-translationally but 
for another, maltose binding protein, it is a late event initiated only 
after 80% of the protein has been synthesized. She proposed that entire 
domains of polypeptide are transferred across the membrane after their 
synthesis, Instead of a continuous process of translocation proceeding 
with elongation of the nascent polypeptide as envisaged in the signal 
hypothesis. Whatever the precise mechanism of transfer in vivo it is 
clear that the different exported prokaryotic proteins form a spectrum 
across the range from co- to post-translational translocation.
Campartmentation of proteins in bacteria
The process of protein localisation in prokaryotes has been much 
studied using mutants generated by bacterial genetics and recombinant DBA 
techniques. However, the categorisation of proteins as being localised in 
the perlplasmic space, inner or outer membranes has generally been on the 
basis of cell fractionation data which is not always definitive. From a 
number of experiments in which the leader peptide of prokaryotic proteins 
has been altered it has been established that the presence of a 
functional signal sequence is crucial for export from the cytosol; these 
results are discussed in section B.2. There is, however, evidence that the 
signal peptide alone is not suflclent to achieve export of prokaryotic 
proteins. Moreno et ai<1980> found the signal sequence of the outer 
membrane protein LamB fused to the LacZ gene for the cytosolic protein
0-galactosldase resulted in a hybrid protein which was not exported from 
the cytoplasm, although it is possible this is a consequence of the 
structure of 3-galactosidase being non-permissive for membrane
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translocation. Other fusions of various N-terminal regions of LamB onto 
LacZ did appear to be exported and some were localised in the outer 
membrane; but in addition to the leader peptide part of the mature LamB 
protein was required (Benson & Silhavy,1983; Benson et al, 1984). Work by 
Koshland & Botstein (1980, 1982) showed that in Salmonella typhimurium 
the secretion of 0- lactamase into the periplasmic space needed the 
COOH-end of the protein, but chain terminator mutants lacking this region 
still translocate the inner membrane.
Mechanisms are required to distinguish proteins destined for the 
inner membrane, periplasm, outer membrane and extracellular medium, but 
it is not yet clear how this differential routing is achieved. It is 
thought translocation of proteins in the bacterial cell may occur via 
sites of adhesion between the inner and outer membranes. To date all 
outer membrane and periplasmic proteins have been found to have a 
cleaved i-termInal signal sequence and it is thought that these proteins 
share at least initial steps in the export process. Inner membrane 
proteins are a more diverse group, many are not synthesized as precursors 
and some are very hydrophobic and may spontaneously Integrate into the 
lipid bilayer (see reviews cited at beginning of this section for 
examples). However one inner membrane protein, leader peptidase, which is 
not synthesized as a precursor does appear to use the same export 
pathway as the precursors of outer membrane and periplasmic proteins 
(Volfe & Vlckner,1984). It was recently shown (Jackson et a.2,1985) that if 
the cleaved I-terminal pre-sequence (which is of relatively low 
hydrophobicity) of the inner membrane penecillin binding protein 5 
replaces the signal sequence plus the first 11 amino acids of an outer 
membrane protein (OmpF) the fusion protein is still directed to the outer 
membrane. This sugests that this inner membrane protein uses the same 
export machinery as outer membrane proteins, but that information for 
sorting proteins to the outer and inner membranes does not reside in the 
signal sequence or the extreme I-termlnus of the mature protein. Further 
evidence implying the function of the signal peptide is to initiate 
translocation, and that other signals are required to retain proteins in 
the inner or outer membranes and periplasm comes from work by lagahari 
et a! (1985). They found that if the region of OmpF encoding the leader 
peptide and first 8 amino acids was fused to human 0-endorphin the 
resulting hybrid protein was not only exported across the cytoplasmic 
membrane in B.coll but also selectively secreted into the culture medium. 
Further discussion of prokaryotic protein sorting signals is given in 
section B.
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Components of the protein export machinery in bacteria
From genetic studies several genes have been identified which appear 
to encode components of the E.coli protein export machinery. One of the 
first to be identified was the sec A gene (Oliver & Beckwith,1981 > and 
recently five new genes were identified which were involved in the 
synthesis of secreted proteins in E.coli (Oliver,1985b); so it appears 
that the list may not yet be complete, neither are the components fully 
characterised functionally. The experimental evidence concerning these 
genes involved in protein export is reviewed by Kichaelis & 
Beckwith(1982), Oliver(1985a) and Benson et al( 1985).
The proteolytic enzymes responsible for cleaving prokaryotic signal 
peptides have been better characterised than the eukaryotic counterpart. 
E.coli leader peptidase (also called signal peptidase I) appears to be 
localised equally in the inner and outer membranes; the purified
enzyme from either membrane will correctly cleave the I-terminal leader 
peptide from N13 procoat without requiring other factors, and when 
reconstituted into lipososmes (Zwizinski 4 Vlckner,1980; Zwlzinski 
et aJ,1981; Watts et ai,1981; Wolfe et al,1983). Its specificity in 
processing appears to be the same as eukaryotic signal peptidase since, 
as noted earlier, eukaryotic secretory precursors are correctly cleaved in 
bacteria, and prokaryotic signals are accurately processed by In vitro 
and In vivo eukaryotic systems, even in the case of prokaryotic proteins 
which are not exported by an EK-like mechanism (see Watts et al, 1983). 
Thus the same theoretical considerations of a peptidase recognition and 
cleavage site (Perlman & Halvorson,1983; Von Heijne,1983 and 1984a), 
described in A.2. apply. Although this enzyme was found to process N13 
procoat and several other precursors of periplasmic and outer membrane 
proteins, it would not cleave prolipoprotein, the precursor of an outer 
membrane protein (Tokunaga et ai,1982). There is a second signal 
processing enzyme, termed signal peptidase II, responsible for processing 
a group of lipoprotein precursors in which glyceride modification is 
essential to cleavage (Yamada et al,1983). This protein, unlike signal 
peptidase I, is sensitive to globomycin and resides in the cytoplasmic 
membrane of E.coli, it is encoded by the IspA gene which is now cloned 
and sequenced (Innls et aJ,1984>.
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I.B. PRQTEIH SORTIHG SIGHALS
I-B.l. The Theory of Topogenic Sequences
It has been pointed out several times in section A that the signals 
which direct a protein to its correct subcellular location reside in the 
protein structure itself, as either a permanent or transient component. 
The accumulating experimental evidence towards this conclusion resulted, 
in 1980, in Blobel proposing the theory of topogenic sequences; the 
concept that a limited number of discrete, positively acting, autonomous 
regions of the polypeptide chain are responsible for sorting proteins to 
the range of intracellular compartments and for achieving, where 
appropriate, their particular orientation in the membrane. Four types of 
topogenic sequences are predicted - 'signal sequences’, ’stop-transfer 
sequences', 'insertion sequences’ and 'sorting sequences’, the information 
in each type being decoded and processed by specific effectors. 'Signal 
sequences’ initiate the translocation of proteins across membranes, in a 
process mediated by specific protein receptors in the membrane. These 
must be subdivided into signal sequences involved in the unidirectional 
translocation of proteins across the different translocationally-competent 
cellular membranes, le. of the ER, mitochondria, chloroplast and the 
prokaryotic plasma membrane. 'Stop-transfer' sequences are regions of the 
polypeptide which halt the translocation process previously initiated by 
a signal sequence; this results in the asymmetric Integration of proteins 
into translocationally-competent membranes so that part of the protein 
spans the membrane. In contrast 'insertion sequences’ are proposed to 
effect the unilateral integration of proteins into a lipid bilayer but 
without involving protein effectors, and these do not result in the 
protein spanning the membrane. Lastly 'sorting signals’ constitute a 
diverse, 'and the rest' category comprising those determinants which 
direct proteins after translocation to other membranes and compartments 
which can not translocate proteins.
Experimental work which tests this hypothesis has been steadily 
growing. Two complementary experimental criteria can be used to identify 
such a topogenic sequence as a discrete, positively acting unit; the 
alteration of a protein's location by the deletion or mutation of the 
proposed region, and addition of the same domain resulting in redirection 
of a foreign protein to the appropriate compartment specified by the 
topogenic sequence. The involvement of specific effectors for decoding 
and processing the information has been less sasy to test experimentally. 
Initially most work was done with prokaryotes since it was possible to
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carry out the appropriate genetics in bacteria (reviewed in Shuman,1981; 
Emr 4 Silhavy,1982; Benson et aJ,1985). However more recently the advent 
of recombinant DBA techniques has enabled eukaryotic systems to be 
studied (see Colman,1982; Ellis,1985 and particularly the review of 
Garoff,1985). This section will consider the experimental data and ideas 
concerning the structure of protein sorting signals. I will concentrate on 
the signal sequence for translocation across the ER and its equivalent in 
prokaryotes, and to avoid confusion the term signal sequence will only be 
used to refer to this translocation signal. I will also summarise the 
experimental approaches used to study and characterise other topogenic 
sequences.
I.B.2. Prokaryotic Signal Sequences
Genetic studies in bacteria have provided confirmation that the 
signal sequence is essential for initiation of protein export and have 
begun to define the structural features of the signal peptide which are 
required for its function. Early experimental work involved the selection 
or construction of gene fusions encoding hybrid proteins with amino- 
terminal sequences from an exported protein and part of the cytoplasnlc 
protein 0-galactosidase at the carboxyl end. Export-defective strains in 
which the hybrid protein was not transported from the cytoplasm were 
isolated and analysed, and these were found to have alterations in the 
signal sequence region. In vitro mutagenesis has also been used to 
construct signal sequence mutants of prokaryotic proteins. An outline of 
the experimental methods used to isolate gene fusions and export 
defective mutants and a full discussion of the results obtained can be 
found in the reviews of Ear et al(1980); Kichaells 4 Beckwith(1982); 
Silhavy et al(1983) and Benson et ali1985).
Experiments on the localisation of various hybrid proteins 
containing parts of exported proteins - such as the outer membrane X 
receptor protein (Hall et al,1982) and maltose binding protein or alkaline 
phosphatase which are periplasmlc proteins (Bassford 4 Beckwith,1979; 
Xichaells 4 Beckwith,1982) - established that the information necessary 
to export proteins from the cytoplasm resides at the B-terminal end of 
exported proteins. Export-defective fusions, recombinants and mutants 
have been Isolated as well as revertants in which export is restored, and 
these have enabled a more detailed analysis of the information specifying 
the initiation of protein translocation in bacteria.
The extensive work of Benson, Bar, Silhavy and their colleagues has 
concentrated on the bacteriophage X receptor, lamB, which is found in the
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outer membrane of E.coli. Their data showed that in all the export- 
defective laaB-lacZ hybrids they characterised there was a mutation in 
the signal sequence of the X receptor, however not all these mutations 
when recombined onto an otherwise wild-type laaB gene resulted in a 
block of laaB export. It seemed that in the 25 amino acid leader peptide 
the hydrophobic core was important for initiating protein export, since 
introducing charged residues in this region interfered with export. 
Furthermore certain residues within the hydrophobic segment were more 
sensitive to mutation in terms of maintenance of signal sequence function 
(Emr & Silhavy,1982). An analysis of the structure of export-defective 
mutants showed that if the predicted a-hellcal conformation of the 
hydrophobic region was disrupted, by amino acid subsitution or deletion, 
export was inhibited. Double mutant pseudorevertants were isolated from a 
deletion mutant; in these the secondary point mutation extended the 
portion of the shortened signal peptide which is predicted to form an 
a-helix (Emr & Silhavy,1983). It is proposed that the central region of 
the signal sequence must be able to maintain an a-helical configuration 
to effect translocation, and a critical subset of four amino acids 
comprises a recognition site that interacts directly with a component of 
the export machinery.
Similar conclusions were drawn from work with the malE gene 
product, maltose binding protein (MBP) (Bassford & Beckwith,1979; 
Bedouelle et al,1980; Bassford et al, 1981). Bankaitis et ai(1984> then 
Isolated intragenic suppressor mutations of an export-defective aalE 
mutant with a 7 amino acid deletion in the signal peptide, these restored 
to varying degrees the export of NBP to the periplasm. Most of these 
suppressor mutants contained further mutations in the signal sequence 
which were predicted to physically lengthen the truncated hydrophobic 
region; either through the insertion of additional hydrophobic residues, 
or by substituting one of the charged residues at the H-terminal end with 
an uncharged amino acid, or lastly by amino acid substitution such that 
the hydrophobic segment could adopt a more extended conformation. 
However one suppressor mutation, which was least efficient in exporting 
XBP, contained an amino acid substitution not in the signal peptide but 
at residue 19 of mature KBP. This result provided further support for the 
idea that information for initiating protein secretion is contained within 
the mature protein (see also I.A.5). However it is important to 
distinguish effects due to mutations which make the mature polypeptide 
chain no longer permissive for translocation across membranes, from 
mutations which disrupt the protein sorting signals; for example it may
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be found that the signal peptide of HBP when fused to a translocation- 
permissive cytoplasmic protein, such as a-globin, will direct the export 
of the hybrid protein, indicating the signal sequence does act as an 
autonomous unit in initiating protein translocation in prokaryotes.
Inouye and coworkers have focussed their attention on the major 
outer membrane lipoprotein precursor, termed prolipoprotein; which, as 
explained in section A.5, requires glyceride modification for 
translocation and processing. They carried out studies to look at the role 
of the positive charge on the amino-terminal of the signal peptide, which 
in wild-type prolipoprotein is +2; and used oligonucleotide directed 
mutagenesis to generate mutants with a net signal sequence charge of +1, 
0, -1, and -2 (Inouye et al,1982; Vlasuk et al,1983). Their results showed 
that, although there is not an absolute requirement for a positively 
charged I-termlnal for translocation across the plasma membrane, as the 
positive charge of the signal sequence decreased in the mutants there was 
a reduction in synthesis of lipoprotein and a progressive decrease in the 
rate of assembly of the precursor into the membrane. Those mutants 
carrying a net negative charge on the signal peptide accumulated as 
unmodified prolipoprotein in the cytoplasm and showed slow and post- 
translational translocation. This demonstrated the importance of the 
l-termlnal positive charge on the signal peptide in initiating 
translocation early in synthesis. The loop model for protein secretion in 
prokaryotes, put forward earlier by Inouye & Halegoua(1980), proposes 
that the basic l-terminal region of the signal peptide facilitates 
Interaction with the negatively charged inner surface of the cytoplasmic 
membrane. Inouye et al(1984) have also looked at the effect of mutations 
in the hydrophobic region of the prolipoprotein leader peptide and these 
results Indicated that there is considerable flexibility in the primary 
structure of this region in terms of functioning in protein export. The 
localisation and orientation of lipoprotein variants which contain two 
signal peptides in tandem array was examined recently by Coleman 
et al (1985 ). The internalised signal sequence seemed to function either as 
the usual translocation signal for the downstream polypeptide chain, or 
as a 'stop-transfer sequence' anchoring the protein in the membrane as a 
transmembrane protein. The role adopted by the second signal peptide 
depended upon the separation of the two signal sequences and whether the 
first leader peptide acted as a co- or post-translational translocation 
signal.
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I-B.3. Lhe__Signal__Sequence__for__Translocation__across__the Endoplasmic
Reticulum
It is proposed that the function of the signal sequence of 
eukaryotic secretory and membrane proteins is to initiate the
translocation of these proteins across the ER membrane. The importance of 
the role played by the signal sequence in the process of translocation is 
now well established, but precisely how this function is achieved is still 
not clear and the structural features of the signal sequence essential for 
its interaction with the export machinery are still being elucidated. As 
Von Heijne points out in a recent paper concerning the limits of 
variation of the signal sequence structure "one of the outstanding 
features of the signal sequences as a group is their extraordinary 
variability in terms of overall length and amino acid sequence” 
(Von Heijne,1985). According to the Signal Hypothesis the signal sequence 
will Interact specifically with several proteins, including SRP; such 
specific receptor protein binding usually involves a ligand of defined 
and limited structure. Protein translocation according to models which 
envisage a direct integration of the signal sequence into the membrane 
lipid bilayer would probably impose less rigorous limitations on the 
primary and secondary structure of the signal sequence, since maintenance 
of overall hydrophobicity would be the key feature (Von Heijne & 
Blomberg, 1979; Wlckner,1980; Engelman & Steltz,1981).
Sole of the signal peptide in insertion into the BB
Several workers have reported that translocation of secretory 
proteins is inhibited in the presence of synthetically synthesized signal 
peptides (Kajzoub et al,1980; Prehn et al,1980; Koren et al,1983; Austen 
et aJ,1984). This effect was seen with an 'unnatural' signal peptide which 
represents a consensus of naturally occurring signal sequences (Austen 
et aJ,1984), but not with a hydrophobic hexapeptlde (Prehn et al, 1980) or 
a peptide, glucagon, of similar size (26 amino acids) to the synthetic 
signal peptide (Koren et al,1983). The observations of Koren et aJ(1983> 
on the effect of microinjection of a synthetic signal peptide into Xenopus 
oocytes Indicated that the signal peptide was not only involved in the 
translocation process but also in later steps of the secretory pathway. 
However these results should be Interpreted with caution since such 
hydrophobic synthetic peptides are difficult to solubilise and can act as 
detergents, furthermore they are often used at unphyslologlcal 
concentrations.
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As described in B.2. there is much evidence from work with
prokaryotes, using fusion and mutant proteins, for the importance of the 
signal peptide in translocation. In the case of eukaryotes two groups 
have shown that the deletion of the H-terminal signal sequence from 
influenza haemagglutlnin resulted in the accumulation of truncated,
unglycosylated haemagglutinin in the cytosol (Gething & Sam brook, 1982; 
Sekikawa & Lai,1983). The recent work of Lingappa et al( 1984) established 
unequivocally that the signal peptide of a prokaryotic secretory protein 
contains all the information for translocation across the EH: they 
constructed a fusion protein encoding the signal sequence plus first five 
amino acids of 8-lactamase and 141 codons of the cytoplasmic protein 
a-globin at the C-terminus; this was translocated into pancreatic 
microsomal vesicles in vitro and the signal peptide was processed. A
concept of the current signal hypothesis and theory of topogenic 
sequences is that membrane proteins which span the membrane more than 
once will contain more than one signal sequence (see A.2); additional 
signal sequences are envisaged to reinitiate translocation of another 
domain of the nascent chain following the action of the previous
stop-transfer signal. The recent work of Friedlander S Blobel(1985> 
supports this concept of multiple signal sequences; these workers 
localised 2 of the 4 theoretical signal sequences required for the 
integration of bovine opsin which crosses the ER membrane 7 times.
It was noted earlier that the work of Hortln & Boime(1980,1981) 
indicated that the correct processing of cleaved signal peptides is not 
required for translocation into the EH. More recently Schauer et aJ<1985) 
reported the isolation of yeast mutants with mutations in the secretory 
protein invertase such that the mutant lnvertase protein still maintained 
enzymic activity but showed delayed intracellular transport. In one of 
these mutants the ultimate amino acid of the signal sequence was changed 
from Ala to Val, this mutation was found to result in defective signal 
processing causing precursor molecules to translocate into the ER but 
then remain associated with it; some of the mutant precursors were 
processed at the downstream adjacent peptide bond and these were 
secreted but showed a 50 fold slower transport to the Golgi than wild 
type lnvertase.
Structure and conformation of signal sequences
The sequences of around 200 eukaryotic and 50 prokaryotic signal 
peptides are now known, many of which are included in the compilation by 
Vatson<1984>. A recent comparison by Von Heljne<1985) of 118 eukaryotic
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and 32 prokaryotic cleaved signal peptides reiterated the common theme 
described in A.2, and reported the following general features. Eukaryotic 
signal sequences range in length from a lower limit of 15 residues with a 
mode of 18-20 residues. Three structural regions are recognised, a 
positively charged I-terminal region, a central hydrophobic region and a 
more polar C-terminal region, these were termed the n, h, and c-regions 
respectively. Irrespective of the overall length of the signal peptide the 
c-region showed a consensus length of 5 or 6 amino acids, putting the 
start of the h-region at residue -6 or -7 (calling the final residue of 
the signal peptide -1, and the first amino acid after the cleavage site 
+1). Ho strong sequence constraints were found in the h-region beyond an 
observed enrichment for hydrophobic residues (Phe, He, Leu, Met, Val, 
Trp). The length of the n-region does vary strongly with the overall 
length of the signal peptide and accounts for half the total length 
variations, but this does not cause a change in net charge - a mean of 
+ 1.7 is maintained. The size of the h-region also varies but no change in 
amino acid composition was seen with Increasing length. These 
observations formed a picture of the 'minimum' eukaryotic signal peptide 
structure; a 13 amino acid sequence composed of one positively charged 
amino acid as a n-region followed by a seven residue h-region, with no 
more than one Ser, Gly, Thr or Pro, and a five residue c-region which 
obeys the ’(-3,-1) rule' defining the cleavage site (Von Heijne,1984a). In 
prokaryotic signal peptides the n-, h- and c-reglons are all on average 
one residue longer; making the minimum functional sequence 16 amino acids 
long.
The maximal limits for a functional signal sequence are harder to 
define. It is suggested that if the h-region of a signal sequence becomes 
longer than about 20 residues it may then permanently anchor the protein 
in the membrane (Von Heijne, 1981b;Bo6 et aJ,1984). The n-region containing 
charged residues prior to the hydrophobic core does appear to be able to 
be extended considerably. For example, the uncommonly long 51 amino acid 
■-terminal cleaved signal peptide of human insulin-like growth factor has 
at its I-terminus a stretch of 26 amino acids containing 6 charged (4+,
2-) residues (Jansen et al, 1983). It has also been shown in mutant or 
fusion secretory proteins that additional amino acids can be added 
■-terminally to the signal peptide without abolishing translocation. It 
was found that if the signal peptide of preproinsulln was displaced 18 
amino acids from the I-terminus, making a n-reglon of 21 amino acids, 
this did not affect translocation or cleavage; but preprolnsulin with a 68 
amino acid I-terminal extension was not translocated (Talmadge
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et ¿1,1981; Kozak, 1983a and 1984).The uncleaved signal sequence of 
ovalbumin, which appears to be located towards but not at the N-terminus 
(within residues 22-41), also functions in a variant ovalbumin with a 21 
amino acid H-terminal extension; however a 50 amino acid H-terminally 
extended ovalbumin was not secreted but remained cytoplasmic (Krieg 
et ml,1984; Tabe et al,1984). Interestingly when Perara & Lingappa(1985) 
inserted the preprolactin gene into the chimpanzee a-globin gene such 
that the normally H-terminal signal peptide of preprolactin was located 
downstream of the first 109 amino acids of a-globin; they found the 
entire fusion protein could be translocated, glycosylated and cleaved, 
yielding a protein identical to mature prolactin and also globin with the 
preprolactin signal sequence attatched to its COOH-terminus. These 
results indicate that the amino acid sequence of such H-terminal 
extensions to secretory proteins must be permissive for translocation if 
the signal sequence is still to function, and constraints are imposed on 
the structure of the n-region. In a different analysis of 134 eukaryotic 
and 39 prokaryotic proteins Von Heijne(1984b) noted a consistency between 
the two samples in terms of the net I-terminal charge on the signal 
peptide and in the distribution of the charged residues. He suggested 
that the V-formyl group on the initiation methionine residue is not 
removed from prokaryotic signal sequences, and it is compensation for the 
absence of a free HH»* group on the first amino acid that lies behind the 
observation that the balance of the charges on the I-terminal charged 
residues of prokaryotic signal sequences is most commonly +2 whereas in 
eukaryotic proteins it is +1. The modal charge carried by the eukaryotic 
signal peptides is also +2 if the positive charge on the free HHa group 
of the terminal amino acid is taken into consideration, but the range is 
-1 to +5.
Conformational studies of a synthetic signal peptide region of 
preproparathyrold hormone were carried out by Rosenblatt et a1 (1980); 
these showed the synthetic peptide had distinct and different 
conformations in an aqueous and non polar environment, which correlated 
with the two highest-probablllty structures predicted from the amino acid 
sequence. The same rules devised by Chou ft Fasman(1978) to predict the 
secondary structure of proteins have been used in several Instances to 
assess the likely conformation of wild type and mutant signal sequences 
(for example Emr ft Sllhavy,1983>; from such predictions it seems that to 
function in translocation the 8-20 residues of the hydrophobic core 
region must retain a conformation which is compatible with it spanning 
the thickness of the membrane (25-301). A p-turn in the polypeptide
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structure is observed to occur near the signal peptide cleavage site 
consistent with the proposed peptidase recognition site.
Incorporation of 0-hydroxyleucine, a leucine analogue, into 
preprolactin synthesized in a tumour ascites in vitro system abolished 
translocation (Hortln & Boime,1980). The same analogue used in a wheat 
germ in vitro system resulted in the inhibition of high affinity binding 
of SRP to polysomes synthesizing secretory protein, and the binding of 
these polysomes to microsomal membranes (Valter et alt1981; Valter 4 
Blobel,1981a). This was interpreted as evidence for the direct Interaction 
of the signal peptide with SRP. Although it is also argued that the 
observed variation in terms of length and amino acid sequence of the n 
and h-regions of signal peptides is too great to allow specific 
interaction with protein receptors; instead a non-specific binding is 
envisaged of the n-region to the surface of the membrane and the 
h-region to the membrane interior (Von Heljne,1985). Further experimental 
data is clearly needed to characterise the structure function relationship 
of the signal sequence for translocation across the HR.
I.B.4. Sorting Signals for Transport of Proteins into Mitochondria and 
Chloroplasts
Targetting of proteins to the mitochondria
The transient leader sequence of a few mitochondrial proteins has 
been determined (for examples see Vatson,1984) and the structure of these 
is quite distinct from signal sequences for translocation across the ER, 
being 30-70 residues long with basic charged amino acids distributed 
along their length. These basic residues appear to be essential for 
function since when arginine residues in ornithine transcarbamylase (OTC) 
were replaced with an acidic analogue, canavanine, import and processing 
were inhibited (Horwich et al, 1985a).
It has been established from a number of investigations that the 
transient leader peptide alone contains the information for the correct 
localisation of proteins, at least to the mitochondrial matrix. A series 
of experiments carried out by Hurt et al(1984a,1984b,1985a) have shown 
that a hybrid protein containing as little as the first 12 of the 25 
amino acid leader sequence of a mitochondrial matrix protein (yeast 
cytochrome c oxidase subunit IV) fused to a cytosolic protein (mouse 
dihydrofolate reductase - DHFR) was correctly targetted to the 
mitochondrial matrix in vitro and in vivo. Although the natural cleavage
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site had been deleted the pre-piece was cleaved in a hybrid which 
contained 22 residues of the H-terminal leader peptide, but when only the 
first 12 amino acids were present no proteolytic processing occurred. 
Similar fusion experiments were carried out by Horwich et al(1985b) using 
the leader peptide of another matrix protein (OTC) to target DHFR to 
mitochondria in vitro and in vivo; the fusion protein was again 
abnormally cleaved within the DHFR region in both systems, although a 
cleavage product consistent with normal processing was also seen in vivo.
Extensive deletion and fusion manipulations of the cloned yeast 
mitochondrial 70kd outer membrane protein found that all the information 
for targetting and anchoring this protein in the outer membrane was 
contained in the amino-terminal 41 residues (Hase et ai,1984). Like all 
outer membrane proteins the 70kd protein does not have a transient leader 
sequence, but the I-termlnus consists of a stretch of 28 uncharged amino 
acids flanked on both sides by four basic residues. Certain deletions in 
this region resulted in a small fraction of the protein being mlsrouted 
to the matrix, although most remained cytosolic. The analysis indicated 
that this V-terminal segment could be divided into two domains; the first 
11 residues, which are hydrophilic and basic like cleaved mitochondrial 
leader peptides, mediate targetting to the mitochondria, whereas the 
following uncharged region acts as a 'stop-transfer sequence' and anchors 
the protein in the outer membrane. This hypothesis was born out by 
further work (Hurt et al,1985b) which demonstrated that the first 12 
amino acids of the 70kd outer membrane protein directed DHFR to the 
matrix and also could replace the leader peptide of cytochrome c oxidase 
subunit IV in targetting this mitochondrial protein to the matrix. It is 
not clear, however, if Integration of proteins into mitochondrial 
membranes always involves membrane protein effectors (see Hurt
et al,1985b). The anchoring of a foreign protein in the outer
mitochondrial membrane by the putative stop-transfer sequence has yet to 
be demonstrated.
The transit peptide of chlaroplast proteins
The transit peptide of the few nuclear-encoded chloroplast proteins 
which have been sequenced (see Vatson,1984> are, like mitochondrial 
leader peptides, typically 30-60 residues long and positively charged. A 
comparison of the available sequences of the transit peptide of ssRuBPC 
from various species revealed a conserved 9 amino acid region which 
encompassed one of the processing sites (Mlshklnd et al, 1985>. Van den 
Broeck et aj(1985> first reported the targetting of a foreign protein to
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chloroplasts, using the 57 amino acid transit peptide of pea ssRuBPC 
fused to the coding region of bacterial neomycin phosphotransferase. When 
this construct was introduced into the genome of plant cells the fusion 
protein expressed was translocated to the chloroplast stroma and 
processed in a manner similar to the ssRuBPC precursor. Likewise the 
fusion protein was taken up and processed by intact chloroplasts in 
vitro. Similar results were obtained by Schreier et aJ(1985) using the 
transit peptide and first 22 amino acids of pea ssRuBPC fused to the 
same bacterial gene. The signals involved in sorting of proteins to the 
different compartments and membranes of the chloroplast have not yet 
been characterised.
I.B.5. Other Topogenlc Sequences 
Stop-transfer sequences
Several investigations over the past few years have provided 
evidence for the existence of ’stop-transfer' sequences as proposed by 
Blobel(1980); discrete, autonomously acting segments of membrane proteins 
which serve to anchor the protein in the membrane by stopping 
translocation of the nascent polypeptide chain. Vork has mainly been 
carried out with proteins which span the membrane once with their amino 
terminal in the lumen of the ER and the carboxyl terminal exposed in the 
cytoplasm; and it is envisaged that this disposition is achieved by the 
action of a signal sequence followed by a stop-transfer sequence. Groups 
have been able to convert such transmembrane proteins to secretory 
proteins by deletion of their transmembrane segments, ie. influenza 
haemagglutlnln (Gething A Sambrook,1982), VSV-G (Rose A Bergmann,1982). 
Yost et al(1983) Inserted the region encoding the transmembrane domain 
of the membrane form of IgX heavy chain between the coding regions of
0- lactamase and globin in the fusion of Lingappa et aJ(1984>, described 
in B.3, which had been shown to translocate completely in vitro into 
microsomal vesicles. The presence of the IgM domain resulted in the 
fusion protein being anchored as an integral membrane protein with the
1-  terminal lactamase region within the lumen and the globin domain on 
the cytoplasmic face of the vesicles. Although the transmembrane region 
acted a6 a stop-transfer sequence after initiation of translocation by 
the signal sequence, it could not itself initiate translocation. A similar 
result was demonstrated in vivo by Guan A Rose(1984> who constructed a 
hybrid gene encoding the secretory protein growth hormone fused to the 
membrane-spanning and cytoplasmic domains of VSV-G. From transfection,
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cellimmunof luorescence,  fractionation, immunoprecipitation and
proteolysis studies they found that this hybrid protein was anchored in 
microsomal membranes and transported to the Golgi, but it was not 
transported to the cell surface. Using oligonucleotide site-specific 
mutagenesis Adams Si Rose (1985a) created DBAs encoding a series of VSV-G 
variants in which the transmembrane domain was shortened. In wild-type 
VSV-G the membrane spanning region consists of 20 uncharged, mainly 
hydrophobic amino acids, and it was found that this region could be 
reduced to 14 amino acids without affecting either the transmembrane 
orientation of VSV-G or its appearance at the cell surface. Surprisingly 
mutants with only 8 or 12 amino acids also spanned intracellular 
membranes but the proteins were not transported beyond the Golgi. These 
results argued against the idea that membrane-spanning regions mu6t 
consist of an entirely a-hellcal structure, since this conformation 
requires at least 20 amino acids to span the lipid bilayer; however it is 
suggested that parts of the polypeptide chain flanking the hydrophobic 
region are drawn into the membrane-spanning domain in these mutants. It 
does appear that the length and structure of the transmembrane domain 
affects not only its function as a membrane anchor, but also transport to 
the cell surface. If a charged residue is introduced into this region the 
domain can still span the membrane but cell surface transport of the 
protein is blocked (Adams & Rose,1985b).
Similar results and conclusions have also been obtained from studies 
on the membrane anchoring domain of prokaryotic proteins (Abrahmsdn 
et al,1985; Boeke & Model,1982; Davis at al,1985).
Insertion sequences
It is proposed that Insertion sequences are regions of the 
polypeptide which adopt a conformation which enables the protein to 
interact directly with membranes, without involving any protein effectors. 
This concept is used to explain the membrane association of proteins 
found at the cytoplasmic face of the ER membrane which do not span the 
membrane and are translated on free ribosomes, such as lADH-cytochrome 
b* reductase and cytochrome b» (Borgese & Gaetanl,1980; Rachubinskl 
et al,1980). Cytochrome b* is known to be integrated post-translationally 
into membranes independent of SRP (Anderson et ai,1983), and the protein 
shows spontaneous binding to natural and synthetic membranes (Bendzko 
et al,1982). The properties of the membrane-binding region of cytochrome
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bs is different to those of signal sequences, and it is thought the 
former adopts a compact structure with a highly hydrophobic surface. 
Transmembrane proteins which have a complex topo^y in the membrane may 
contain a combination of signal sequence(s), stop-transfer sequences and 
insertion sequences. It is also envisaged that insertion sequences are 
responsible for the integration of certain prokaryotic inner membrane 
proteins which insert post-translationally and do not span the membrane 
(see Mlchaelis ft Beckwith,1982). A detailed analysis of the structural 
requireaents for a functional insertion sequence has yet to be made.
Sorting Sequences
Blobel proposed that sorting sequences would be discrete positively 
acting signals which, following translocation, would direct proteins to 
their different subcellular locations ie. lysosoaes, Golgi complex, plasma 
aembrane. However it has also been suggested that after translocation 
into the ER membrane there is a nonselective routing of all proteins to 
the cell surface and only those which are retained 'en route’ in the EK 
and Golgi, or diverted, ie. to the lysosomes, need positive sorting 
signals. Certain observations have suggested that after the action of the 
signal sequence no further topogenlc information is required for export 
of a protein; for example the prokaryotic perlplasmic protein 0-lactamase 
is secreted when expressed in Xenopus oocytes (Viedman et al,1984).
It is not yet resolved if there are positive signals for transport 
along the constitutive pathway to the cell surface. In the absence of a 
suitable ’marker’ protein which can be tagged with the proposed sorting 
sequence to test its activity, studies have been limited to looking at the 
effect of mutations or deletions on the transport of various plasaa 
aeabrane proteins, for example influenza haemagglutlnln (Doyle 
et al,1985). In these cases it is difficult to distinguish whether an 
observed effect on intracellular transport is due to alteration of a 
positive plasma membrane targetting signal, or to denaturatlon of the 
protein. It was noted earlier, in the section on stop-transfer sequences, 
that whilst secretory proteins could be anchored in the membrane by a 
membrane-spanning domain from a transmembrane protein these hybrid 
proteins were not necessarily transported to the cell surface when 
expressed in cells. However, in experiments which followed from the work 
by Guan ft Rose (1984) on the growth hormone/VSV-G hybrid which was not 
transported beyond the Golgi, it was found that this hybrid was 
transported to the cell surface if it was glycosylated through the 
introduction of a I-linked glycosylatlon consensus sequence,
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Asn-X-Ser/Thr, into the translocated growth hormone domain (Guan 
et aj,1985). This result indicates that for this hybrid protein, as in 
full-length VSV-G (Machamer et al,1985), H-linked glycosylation does 
provide a positive signal for protein transport to the cell surface. 
However, as mentioned in I.A.3, different proteins show different 
requirements of glycosylation for intracellular transport, and the 
observed effects on transport when the normal glycosylation is blocked 
could be due to altered physical properties of the mutant protein, ie. in 
terms of solubility or conformation, rather than specifically due to the 
inactivation of a signal region. These and other problems have meant that 
limited progress has been made towards defining, or even proving the 
existence of, discrete signals which interact with specific protein 
effectors and target proteins along a constitutive pathway to the cell 
surface; likewise there is little experimental evidence yet for signals 
for differential routing in polarized cells, or signals responsible for
directing proteins to secretory granules in a regulated pathway of 
secretion (see Garoff,1985).
Recently there was a report of work with deletion mutants of a
rotavirus glycoprotein which normally resides in the ER; this showed that 
deletion of the second of the two B-termlnal hydrophobic domains of this 
protein resulted in products which were transported from the ER, N-linked 
glycosylated and secreted (Poruchynsky et ai,1985). These results 
suggests that this hydrophobic region contributes to a positive signal 
for localisation in the ER and acts as a membrane anchor, and this
sorting sequence overides constitutive transport to the cell surface.
The specific phosphorylation of mannose residues of the
oligosaccharide side chains of lysosomal hydrolases (described in A.3) 
was recognised early on as providing a potential signal for routing these 
enzymes to the lysosomes. Several studies have tended to support the idea 
that the mannose-6-phosphate residues act as a component of a 
recognition marker for sorting of lysosomal enzymes, although this is not 
necessarily the only lysosome sorting signal. In patients with I-cell 
disease it was found that active lysosomal hydrolases were secreted, 
leading to the idea that they lacked the signal for correct localisation 
in the lysosomes. In these lysosomal enzymes from I-cell disease patients 
the characteristic phosphomanno6yl residues were absent (Hasilik & 
Heufeld,1980), suggesting that it was this which caused their 
mlscompartmentatlon - the absence of a sorting signal resulting in their 
secretion at the cell surface. In mutant cell lines which have defective 
mannose-6-phoephate receptors the phosphomannoeyl signal is not
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recognised and these cells secrete lysosomal precursors which contain 
functional mannose-6-phosphate groups (Bobbins & Myerowitz,1981>. 
Recently a study was carried out on the phosphorylation of lysosomal 
enzymes in vitro in the presence of deglycosylated lysosomal enzymes, 
proteolytic fragments or denatured forms of hydrolases (Lang et al, 1984). 
The results provided evidence for a peptide signal or determinant which 
is recognised by the phosphorylating enzyme, but this determinant is only 
active in the native enzyme indicating it may consist of discontinuous 
stretches of amino acids in the polypeptide chain unlike a ’classical' 
topogenic sequence.
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I.c. THE XEBOPUS OOCYTE AS A SYSTEM FOR STUDYI8G PROTEI1 SBGREGATIQI
I.C.l. Transcription and Translation of Foreign PI A and RIA by Xenopus 
Dncyt.eg
The Xenopus oocyte Is now well established as a system in which to 
study the fate of DIA, RIA, proteins and organelles which can be 
introduced by mlcrolnjection Into these large cells, which are the 
immature, unfertilised eggs of these South African frogs.
In 1971 Gurdon et al first reported that eukaryotic mRIA 
mlcrolnjected into the cytoplasm of Xenopus oocytes was translated 
efficiently, and this led to an expanding use of the amphibian oocyte as 
a translational assay system. The scope of Xenopus oocytes in the study 
of translation of mlcrolnjected mRIA and the fate of the expressed 
foreign proteins has been reviewed recently in Lane(1983) and 
Soreq(1985), whilst Colman(1984a) also gives practical details concerning 
the microinjection and subsequent analysis of Xenopus oocytes. A major 
attraction of the oocyte is that, as a complete cell, it provides a system 
in which post-translational events can be analysed, such as secondary 
modification and intracellular sorting of proteins. Since the foreign 
proteins expressed from injected mRIA can be assembled into their 
biologically active form, oocyte micro inject ion can also be employed as a 
bioassay.
It was found later, by Xertz A Gurdon (1977), that DIA mlcrolnjected 
into the germinal vesicle (nucleus) of Xenopus oocytes could be 
transcribed. Since genes transcribed by all three eukaryotic RIA 
polymerases were found to be active this extended the potential of the 
oocyte to a system for studying transcription and RIA processing, as well 
as providing a coupled transcription-translation assay for cloned genes 
and constructs derived from them. A full discussion of studies of foreign 
genes in oocytes is given by Gurdon A Melton(1981>, Vlckens A 
Laskey(1981) and Lane(1983); once again Colman(1984b) provides a 
practical description of the techniques Involved. It should be noted, 
however, that not all eukaryotic promoters are active In Xenopus oocytes. 
For example, the promoters of SV40 (Vlckens A Gurdon,1983) and the 
Xenopus histone genes (Old et al, 1982) do function In oocytes, whilst that 
of chick ovalbumin Is Inactive (Vlckens et al,1980).
In addition to making use of the transcriptional and translational 
capacities of the oocyte, the work In this thesis exploits the Xenopus 
oocyte as a means of determining the post-translational processing and
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segregation of foreign proteins. These aspects of the oocyte system are 
discussed next.
I.C.2. Compartmentation of Foreign Proteins by Xenopus Oocytes
It became clear that Xenopus oocytes would not only translate
Injected mRIA, but that the foreign protein products are sorted to their 
normal intracellular location. In 1977 Zehavi-Vilner & Lane reported that 
secretory proteins, encoded by mRNA from Xenopus liver or guinea-pig
mammary gland, fractionated with membrane vesicles where they were 
resistant to added proteases; whilst globin translated from injected mRIA 
was found in the cytosolic fraction of the oocyte. Colman A Morser(1979), 
using coinjected mRIA species, confirmed that oocytes distinguished 
cytosolic and secretory proteins; they also showed that the latter were 
not only sequestered by the ER but ultimately exported from the oocyte. 
The extensive studies of Lane et al( 1980) demonstrated that cytosolic, 
membrane, secretory and nuclear proteins were all compartmented correctly 
by oocytes injected with mRVA from a wide range of sources - mammals, 
birds, insects, plants and viruses. The polypeptide sequence encoded by 
the mRIA appears to be sufficient to achieve export, as other factors from 
the mRIA donor species are not required (Cutler et al,1981; Colman et
al,1983). Hence the oocyte can act as a surrogate segregation and
secretory system.
Several groups have studied the segregation of a variety of proteins 
in Xenopus oocytes and their results are summarised in Colman 
et ali1983), Lane(1983>, Soreq(1985> and Colman(1984a). These studies
have confirmed that proteins synthesized from injected eukaryotic or
viral RIA and DIA are generally correctly localised in oocytes. The only 
foreign protein found to be incorrectly sorted by oocytes is promellitin 
which is secreted by the venom gland of the honey-bee yet is not 
exported by oocytes injected with promellitin mRIA; Instead the protein 
is associated with a vesicle fraction (Lane et al, 1981). It is interesting 
that not only eukaryotic proteins can be correctly segregated by oocytes; 
when an in vitro synthesized, capped RIA encoding bacterial 
pre-8-lactamase was injected into Xenopus oocytes the prokaryotic
secretory protein was exported from the oocyte (Vledman et al,1984).
The oocyte has been employed ae a surrogate system to study the 
compartmentation of mutant proteins. A point mutation in an
immunoglobulin light chain which results in its accumulation within
myeloma cells was also found to give a non-secretory phenotype in 
Xenopus oocytes, although the protein did gain access to the ER (Valle
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et al, 1983). The microlnjection into oocyte» of mRIA obtained from a 
patient suffering from genetic al-antitrypsin deficiency showed that the 
mutant Z-variant protein, unlike the normal M-variant, was not secreted 
and remained intracellular (Foreman et al,1984). The presence of 
glycosylation on the mutant Z-protein indicated it was, however, able to 
translocate into the ER. Recently the oocyte has successfully been used in 
the identification of a topogenic sequence of a polypeptide. Vlth a view 
to locating the karyophilic signal of the influenza nucleoproteln Davey 
et al(1985) made a series of constructs from the nucleoprotein cDIA and 
determined if, following microlnjection into oocytes, the expressed 
protein was able to accumulate in the nucleus. Using this approach these 
workers were able to define a region of 18 amino acids responsible for 
targetting this protein to the nucleus.
The experiments described by Xlshlna et al(1985) elegantly and fully 
exploit the scope of the oocyte; firstly to translate injected RIAs 
encoding the four subunits of the Torpedo acetylcholine receptor, then to 
carry out appropriate post-translational processing (including disulphide 
bridge formation and I-glyco6ylation) which enable the assembly in the 
surface membrane of a functional acetylcholine receptor containing the 
correct stoichiometry of subunits. These workers injected oocytes with la 
vitro synthesized RHA encoding wild type and specifically mutated 
acetylcholine receptor subunits, in order to locate specific regions of the 
a-subunit which were Involved in forming either the transmembrane ionic 
channel or the acetylcholine binding site.
I.C.3. Post- translational— Processing_of— Foreign_Proteins__by__lenapus
Oocytes
The cotranslational removal of the l-termlnal signal peptide of 
secretory proteins is one of the early events in the secretory pathway of 
the cell, and it has been found that oocytes will faithfully cleave these 
transient signal sequences from foreign proteins. Processing of the 
signal peptides of chick lysozyme (Colman et aJ,1981) and nouse 
immunoglobulin (Valle et aJ,1981) in oocytes injected with nRBA was 
implied from the observation that on gel electrophoresis the protein 
secreted by oocytes showed an appropriate Increase in mobilty relative to 
the precursor product of in vitro translation. Usually the cleavage of 
signal sequences has been inferred from such a comparison of the 
molecular weight of the oocyte and in vitro product, but in some cases 
such comparisons are complicated by post-translational modification to 
the oocyte product. However, Lane et ai(1981) demonstrated by I-terminal
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sequence analysis that oocytes correctly processed the signal peptide of 
promellitin. Since the transient signal peptides of all foreign
polypeptides appear to be recognised and cleaved by the oocyte machinery 
it seems that this processing event is neither species nor tissue 
specific, in agreeaent with other data (see I.A.2).
The cleavage of ’pro' peptides froa translocated proteins does seem 
to be a tissue specific process as the oocyte fails to reaove the 'pro* 
sequence froa proinsulln (Rapoport,1981) and proaellitln (Lane
et al, 1981). Whilst the absence of further cleavage does not prevent
secretion of proinsulin froa the oocyte, promellitin remains intracellular 
as aentioned previously.
The oocyte will carry out other types of post-translational 
processing on foreign proteins, but these do not necessarily reflect the 
precise modification which occurs in the 'parent* cell of the foreign 
protein. In addition to disulphide bridge foraation and secondary 
hydroxylation, acetylation, phosphorylation and glycosylation, injected 
oocytes have also been shown to carry out the covalent and non-covalent 
asseably of protein subunits. Examples of these aodlflcations, and the 
other processing events discussed, are given in the reviews of 
Asselberg(1979>, Lane(1983), Colman(1984a) and Soreq(1985).
I.D. PROCHYMQSII
Much of the work described in this thesis concerns the segregation 
of the secretory protein preprochyaosin and constructs derived from this 
protein. A brief outline is Included here of the biochemistry of 
prochyaosln and its gene structure, together with a summary of published 
work concerning the expression of preprochymo6in la vitro and in B.coll 
and yeast.
I.D.I. Chyaosln and Prochvmosln Proteins
Chymosln (EC 3.4.23.4) is the major proteolytic enzyme in the fourth 
stomach, or abomasum, of unweaned calves where it functions in the 
partial digestion of casein in the dietary milk. The milk clotting 
activity of this enzyme has given it considerable importance in the 
cheese making industry as the main component of calf rennet. In common 
with other proteolytic enzymes chymoein is secreted as an inactive 
zymogen, prochymoeln. In the acidic environment of the stomach an
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autocatalytic process removes the H-terminal 42 amino acid residues of 
prochymosin yielding enzymatically active chymosin (Pederson & 
Foltmann,1975>. Originally this enzyme was known as rennin and its 
zymogen as prorennin, however to avoid confusion resulting from the 
similarity of this name to that of another protein, renin, the 
nomenclature of chymosin and prochymosin was subsequently adopted.
Chymosin has two aspartate residues which are essential for its 
activity, and this has led to the enzyme being classed in a family of 
’aspartate proteases’ which includes pepsin, penecillinopepsin, cathepsin D 
and renin. Calf prochymosin shows extensive homology (55%) with pig 
pepsin, and both these gastric proteases share homology with
penecillinopepsin (Foltmann et al, 1977 and 1979), leading to the 
suggestion that the aspartate proteases evolved from a common ancestral 
gene. The biochemistry and evolution of prochymosin and chymosin has 
been reviewed by Foltmann(1981).
Prochymosin and chymosin proteins isolated from calves stomachs 
display a heterogeneity when analysed by chromatographic and
electrophoretic techniques. Foltmann(1970) found that, by DEAE-cellulose 
chromatography, crystalline chymosin could be resolved into three 
components which he designated cbymosln A, B and C. He was able to 
isolate zymogen precursors of A and B chymosin but not for chymosin C 
which he thought to be a mixture including degredatlon products. Further 
work by Foltmann et al(.1977 and 1979) determined the complete amino acid 
sequence of prochymosin B (365 residues) and calculated the expected 
molecular weight to be 40,777. The protein has three disulphide bridges 
between the cysteine residues 89 and 94, 249 and 253, 292 and 325. 
Processing of the zymogen to chymosin leaves 323 residues with an 
expected molecular weight of 35,652. Partial sequencing of 156 residues of 
chymosin A (Foltmann et al,1979) detected only one amino acid difference 
in comparison with chymosin B; residue 286 is aspartate in prochymosin A 
whereas in prochymosin B it is glycine. Using different isolation and 
purification procedures Asato ft Rand(1971 and 1972) distinguished up to 
four protein species for both chymosin and prochymosln, two of which 
displayed the same chromatographic properties as authentic A and B 
chymosin. However when Donnelly et ai(1984) analysed the proteins of 
individual calf stomachs, in each of four cases they detected only two 
enzymatically active forms of chymosin and their corresponding 
prochymoein precursors. One of these had the same mobility on 
urea-polyacrylamide gel electrophoresis as chymosin B but the other 
corresponded neither to chymosin A nor B.
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Several possibilities could account for the observed heterogeneity 
of chymosin proteins in vivo; different species may represent post- 
translational modifications of the same gene product, alternatively some 
proteins may be encoded by different genes which could be either allelic 
or non-allelic. To date only chymosln A and B, as designated by Foltmann, 
have been characterised by protein sequencing; the observed difference in 
their amino acid sequence Indicates these are products of different genes.
I.D.2. Expression of Prochymosln fflRHA and Isolation of Prochymosln cDIA 
Clones
The commercial importance of chymosin made the enzyme an attractive 
target for gene cloning, whilst the high levels of chymosin synthesized 
by the calf abomasum Indicated that this tissue would be a rich source of 
prochymosln mRIA for the purposes of making cDIA.
Vith this end in mind several groups have extracted poly-A RIA from 
the mucosal layer of the calf abomasum and studied its translational 
activity in cell-free systems. The translation of prochymosin mRHA in a 
wheat germ cell-free system appears to be poor and abberant. Early work 
by Jones A licholson(1979) found that whilst free polyribosomes from the 
calf gastric mucosa stimulated protein synthesis in a wheat germ system, 
they were unable to obtain translation from poly-A RIA isolated from this 
tissue. Uchlyama et aU 1980) did obtain a translation product from 
abomasum poly-A RIA using the wheat germ system but this had an 
apparent molecular weight of only M,=37,000, which corresponds more 
closely to the expected molecular weight of chymosin than of prochymosln 
and it is likely that this was an artefact. The rabbit reticulocyte lysate 
cell-free translation system has also been used and with greater success 
(Ilshimorl et ai,1981; Harris et al,1982; Koir et al,1982; licholson & 
Jones,1984; XcConnell et al, 1984). In general translation of calf 
abomasum poly-A RIA in this system was found to give a major polypeptide 
product which was specifically immunopreclpitated by antibodies raised 
against calf prochymosln. The apparent molecular weight of this 
polypeptide, from its migration on SDS-polyacrylamlde gels, was variously 
estimated to be between N,<40,000 and 43,000. However the experimental 
data presented in this thesis are not in complete agreement with these 
published results as in vitro translation of preprochymosin mRIA was 
found to give two electrophoretically distinct proteins precipitated with 
prochymosin antibodies; this is discussed in Chapter IV in the light of 
the observed heterogeneity of chymoein proteins noted above and the 
information about the cDIA species described below.
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Three groups have isolated and characterised prochymosin cDHA 
clones (Hishimori et aj,1981 and 1982a; Harris et al, 1982; Moir et
al, 1982), however only those obtained by Harris et al and Moir et al were 
full length clones encompassing the entire coding region. The DBA 
sequence of these full length clones showed that, as with most secretory 
proteins, the prochymosin cDIA gene encoded a precursor form of 
prochymosin which has an additional 16 amino acids l-termlnal to the
known protein sequence of prochymosin; this was thought to be the signal 
sequence of prochymosin necessary for its translocation across the ER 
membrane. The prochymosin signal peptide contains a high proportion of 
hydrophobic amino acid residues and conforms to the structure of the
signal sequence of other eukaryotic secretory proteins (see I.A.2, 1.B.3 
and Vatson,1984). By convention this precursor primary translation
product of the cDIA is called preprochymosln. The cDIA gene characterised 
by lishlmori et aJ(1982a) has an incomplete signal sequence and contains 
only ten codons upstream from the prochymosin coding region, one of 
these is a termination codon; in addition it lacks a methionine Initiation 
codon prior to the sequence encoding prochymosin. These workers suggest 
that the termination codon, TAG, may have arisen from an error in the in 
vitro synthesis of the cDVA using reverse transcriptase. Moir et al(1982> 
found this codon, the penultimate of the signal peptide, to be CAG whilst 
Harris et al(.1982) sequenced this position as CAA - both are codons for 
glutamine. lishlmori et al suggest, alternatively, that the cDIA clone is 
derived from the SIA of a pseudogene.
The amino acid sequence encoded by the cDIA clones show6 minor 
discrepancies in comparison with the sequences of prochymosin proteins 
determined by Foltmann et aJ(1979), these differences are summarised in 
Table 1.1 together with the differences noted between the cDIAs. It should 
be noted that DIA sequence data presented in this thesis showed an error 
in the published preprochymosln cDIA sequence of Harris et al-, this error 
was notably in the signal sequence region of preprochymosin, which was 
of particular Importance in terms of the work of this thesis (see 
Chapter V$. Spontaneous deamidation during protein sequencing can account 
for the ml8ldentiflcatlon of residue 202 as aspartate instead of the 
asparagine encoded by the cDIAs at this position. Foltmann found residues 
158 and 236 of prochymo6ln to be threonine and tyrosine respectively, 
whereas all three cDIAs encode position 158 as tyrosine and 236 as 
threonine. Apart from the above differences and another 
aspartate/asparaglne discrepancy at residue 214 (discussed below), the 
prochymosln encoded by the cDIA cloned by Harris' group is the same as
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the prochymosin B sequence determined by Foltmann et al (1977). This 
indicates that Harris et al(. 1982) isolated the cDNA for preprochymosin B. 
Hishimori et al found a glycine codon (GGC) for amino acid 318, whilst 
the cDHA clones of Harris et al and Moir et al contained a serine codon 
(AGC) at this position in agreement with the protein sequence data. 
Except for this difference at residue 318 the prochymosin encoded by the 
cDHA clones of Moir et al and Nishimori et al are identical, but they 
differ at two positions from the product of the cDHA cloned by Harris 
and his workers. The presence of an aspartate codon at position 286 in 
the clones of Moir et al and Hishimori et al corresponds to the known 
difference between prochymosin A and B. The other difference at residue 
214 (see Table 1) may either also be a real difference between the two 
prochymosin proteins or is due to an error in DNA sequencing by Harris 
et al. The sequence data strongly suggest that the complete cDHA isolated 
by Moir et al(1982> is that of preprochymosin A.
An analysis of bovine genomal DHA using cloned chymosin cDHA as 
hybridization probes was carried out by Moir et al(. 1982), this Indicated 
there is only a single chymosin locus which has at least two introns, and 
that preprochymosin A and B are products of different alleles of this 
gene. If there is only one chymosin locus in the bovine genome then the 
incomplete clone characterised by Hishimori et aH 1982a) can not be a 
pseudogene but may be part of the preprochymosin A cDHA gene (with an 
error in DHA sequencing accounting for the difference in codon 318). 
Alternatively it may be the product of a third preprochymosin gene, 
allelic to both preprochymosin A and B.
I.D.3 Expression of Prochymosin cDHA in Bacteria
A gene coding for a methionyl-prochymosin protein was constructed 
by Emtage et al<1983) using synthetic oligonucleotides and the 
preprochymosin cDIA cloned by Harris et al(1982). This methionyl- 
prochymosin gene was used to obtain the expression of prochymosin in 
E.coll to avoid any problems resulting from incorrect processing of the 
preprochymosin signal peptide in the bacteria. Calf prochymosin was 
expressed in E.coll when the methionyl-prochymosin cDHA was inserted in 
a bacterial expression plasmid containing the E.coll tryptophan promoter. 
After centrifugation of lysed cells prochymosin was found to be pelleted 
with the cell debris which Indicated that the protein accumulates in an 
insoluble or aggregated form in the bacteria. This characteristic aided 
the purification of prochymosin produced in E.coll, and the partially
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purified protein could be processed by acidification to give active 
chymosin.
A different approach was adopted by Hishimorl et aJ(1982b) who 
replaced the first four codons of prochymosin in the cDNA they had 
isolated (Nishimori et al, 1982a) with sequences coding for the H-terminal 
ten amino acids of 3-galactosldase. This fusion gene was placed under the 
control of the lac UV5 promoter, but gave poor expression. However 
Hishimori et aJ<1984) were able to increase the yield of prochyaosin 
tenfold in E.coll by fusing the N-terainal part of the trp E gene 
(anthranilate synthetase), preceded by the trp promoter and attenuator, to 
cDIA which encoded all but the first four codons of prochymosin. The 
prochymosin fusion product, like the complete prochyaosin expressed in 
E.coll by Emtage et ai(1983>, appeared to be localised in the bacterial 
cell membranes and was not secreted.
I.D.4. Expression of Chyaosln Clones in Yeast
The expression of chymosin cDNA genes has also been tested in yeast 
since it was hoped this would provide a more suitable system from which 
to purify a protein for use in the food processing industry. Xellor 
et al<1983) made three derivatives of preprochyaosin for expression in 
yeast, using the cDHA cloned by Harris et al(1982). Synthetic 
oligonucleotides were used to construct fragments which coded for 
methlonyl-prochymosin and aethlonyl-chymosin polypeptides. These 
fragments and an Insert encoding the complete preprochymosln protein 
were each cloned into a yeast expression vector. Chymosin-specif ic 
polypeptides, iaaunopreclpitated by prochymosin antisera, were expressed 
from all three inserts. Host iamunospecific protein was expressed from 
the methionyl-prochymosin insert <5% total cell protein >, but the 
aethionyl-chyaosin was very poorly expressed (<0.1% total cell protein) 
in comparison with both the aethionyl-prochyaosin product and that from 
the preprochymosln Insert (1% total cell protein). The observed difference 
in levels of expression from the three plasmids was not a consequence of 
plasmid copy number or levels of chyaosin-specific RIA. A polypeptide, 
which coaigrated with chyaosin (H,-=36,000> was seen in the yeast 
harbouring the plasmid containing the aethionyl-chyaosin cDIA. The 
polypeptide produced from the methionyl-prochyao6in Insert coaigrated 
with authentic prochymosin with an apparent molecular weight X-=41,000. 
The protein synthesized from the preprochymosin insert also showed the 
same migration as prochyaosin on SDS-polyacrylaalde gels, instead of 
having the mobility expected from a precursor containing the 16 amino
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acid signal peptide. This comigration of the preprochymosin insert 
product with prochymosin indicated the signal sequence of preprochymosin 
had been processed in yeast. Enzymatically active chymosin could be 
produced by acidification of the products of the preprochymosin and 
prochymosin inserts.
It was anticipated that the yeast secretory system might recognise 
the chymosin polypeptides as a secretory proteins. It appeared that the 
signal sequence of preprochymosin was processed by yeast, implying a 
compatibility of the bovine secretory precursor with the initial 
processes of the yeast secretory pathway, including translocation across 
the ER and cleavage by signal peptidase. However no secretion of chymosin 
proteins was seen either from yeast spheroplasts or whole cells.
Therefore the full length preprochymosin polypeptide does not contain all 
the information necessary to achieve secretion in yeast. Yet it was 
observed that none of the chymosin-speciflc polypeptides, produced from 
the three different cDHA constructs, was detected intracellularly, but the 
proteins were all associated with the yeast cell wall. The precise
subcellular localization of the chymosin polypeptides expressed in yeast 
was not clear. The association of the methionyl-chymosin and methionyl- 
prochymosin with cell membranes led Xellor et al to suggest that these 
may contain a topogenic sequence which directs their subcellular location 
in yeast. This topogenic sequence must, however, be distinct from the 
signal sequence which is only contained in the preprochymosin insert.
Goff et aJ(1984) also constructed a methionyl-prochymosin for
expression in yeast, they used the cDHA isolated by Moir et al<1982>.
These workers placed this gene under the control of the GAL1 gene 
promoter which enabled regulation of prochymosin expression by varying 
the yeast carbon source. The prochymosin purified from yeast could be 
activated by incubation at pH2 to yield a protein with the same 
milk-clotting activity and migration on gels as chymosin. In agreement 
with the work of Kellor et af<1983> Goff and his workers found that 
about 80% of prochymosin was not freely soluble in the yeast cytoplasm, 
but they did not determine its subcellular location.
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I.E. THE WORK OF THIS THESIS
The work of this thesis addresses questions concerning the function 
and structure of the signal sequence of eukaryotic secretory proteins, 
using both in vitro and the Xenopus oocyte in vivo assay systems. The 
experimental work it includes was carried out from July 1982 to March 
1985.
The ultimate aim of the project was to use site-specific mutagenesis 
to modify the cleaved, B-terminal signal peptide of a eukaryotic 
secretory protein; then to look at the segregation of these mutants in 
vitro and their interaction with components of the translocation 
machinery, with a view to understanding the molecular basis for mutant 
nonsegregated phenotypes. Initially the Xenopus oocyte would be developed 
as an in vivo assay system to study the segregation of proteins 
expressed from cDBAs encoding wild-type and mutant secretory proteins; 
since, as described in section I.C., these oocytes can efficiently 
translate RBA transcribed from mlcroinjected DBA, and correctly localise 
the foreign proteins. Ultimately, however, mutant cDBA constructs would be 
transcribed in vitro using the SP6 system (Melton et al, 1984; Krieg & 
Melton,1984) which “ was being developed at the time the project was 
started but did not become available in our laboratory until mid 1984. 
The SP6 synthetic RBAs could then be translated in vitro in cell-free 
systems in the presence of dog pancreatic vesicles and specific 
microsomal extracts, containing for example SRP or SRP receptor. It was 
hoped to be able to sub-group nonsegregating proteins according to which 
stage in the translocation process specific mutant signal peptides were 
defective. For example does SRP recognise the mutant signal sequence and 
cause an arrest in translation, or can the SRP/ribosome/nascent secretory 
protein complex Interact correctly with the SRP receptor to release the 
elongation arrest?
Before constructing and characterising signal sequence mutants it 
was important to establish whether eukaryotic signal sequences function 
autonomously in their role of acting as the signal for translocation 
across the ER membrane. Would mutations in the signal sequence cause a 
nonsegregating phenotype Just as a consequence of altering the 
conformation of the signal peptide region Independent of the rest of the 
protein, or were Interactions between the signal sequence and the mature 
protein also to be considered in the interpretation of experimental 
data? At the stage this work was initiated it had not been demonstrated 
that eukaryotic signal sequences function as discrete, autonomous units. 
Most of the published data related to experiments on the signal sequence
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of prokaryotic secretory proteins, but it was not clear to what extent the 
situation in prokaryotes reflected the process of translocation across 
the ER membrane in eukaryotes. As discussed earlier (I.A.5 and I.B.2) 
there was growing evidence that, although similar in some respects, 
protein secretion in bacteria has only a limited resemblance to the 
process in eukaryotes. Furthermore it was also not known whether the 
obligate coupling of translocation to translation seen in eukaryotic in 
vitro systems provided an accurate model for the in vivo process. A major 
part of the work described in this thesis was carried out to look at this 
question of whether a eukaryotic signal peptide was a self-contained unit 
which could function when transferred to another eukaryotic protein, both 
Id vivo and in vitro (see below).
The first chapter of results <III) describes the development of 
vectors which enable the expression of cDHAs in Xenopus oocytes, thus 
facilitating a study of the segregation of proteins encoded by specific 
cDHA constructs in this in vivo system. Using these vectors with cDHA 
inserts encoding prelysozyme and preprochymosin the localisation of these 
two eukaryotic secretory proteins was examined. In the context of the aim 
of generating signal sequence mutants which would have a nonsegregating 
phenotype, the expression and localisation in the oocyte of two truncated 
polypeptides which lacked a signal peptide region was also characterised. 
These signal-minus cDIA constructs were both derived from the
preprochymosin cDHA, one variant encoded methionyl-prochymosin and the 
other methionyl-chymosin.
In the course of in vitro translation experiments it was found 
unexpectedly that preprochymosin mRHA expressed two electrophoretically 
distinct proteins, both precipitated by antibodies raised against 
prochymosln; this was in contrast to published data (see I.D.2).
Chapter IV describes studies on the translocation and processing of these 
polypeptides encoded by preprochymosin mRHA, in vitro and also in vivo 
using Xenopus oocytes.
Chapter V introduces the SP6 transcription system, which first 
became available at this stage and was subsequently used to generate 
synthetic RHAs for translation in the oocyte and in cell-free systems. 
This chapter covers experiments on the expression in vivo and in vitro
of SP6 RIAs transcribed from preprochymosin cDHA and the methionyl- 
prochymosln and metbionyl-chymosin derivatives (described earlier).
In order to establish whether eukaryotic signal sequences function 
autonomously, two hybrid gene6 were constructed in which the signal 
sequence of prelysozyme was replaced either by the 'pre-' sequence only
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of preprochymosin, or by the signal peptide plus part of the mature 
prochymosin sequence. The results on the translocation of these hybrid 
proteins in the oocyte and in vitro are discussed in Chapter VI; these 
experiments included the expression of synthetic SP6 RHAs encoding these 
fusion proteins and prelysozyme, both in oocytes and in vitro.
The long term objective of isolating signal sequence mutants was not 
achieved within the time period of my PhD studentship, but Chapter VII 
includes a discussion of in vitro mutagenesis techniques which were 
considered with a view to generating specific mutations within the signal 
peptide of preprochymosin for subsequent study as outlined above.
The same vectors, described earlier, which enable the expression of 
cDIAs in Xenopus oocytes were also used in another series of experiments, 
which were started in parallel with those outlined in this section. The 
objective of this second investigation was to identify the region of the 
polypeptide chain of ovalbumin which functions as the signal sequence for 
translocation across the ER. Ovalbumin has long attracted attention as 
the only example of a eukaryotic secretory protein which does not have a 
cleaved signal sequence (Palmiter et al, 1978; Lingappa et al, 1978b). From 
work by Lingappa et aJ<1979) it was proposed that an internal region, 
residues 229-276, acted as the signal sequence. Later this was found to 
be incorrect and it was shown that the signal sequence function lies at 
the I-terminal, within the first 150 amino acids (Braell 4 Lodlsh,1982b). 
After work was started at Warwick a further report was published by 
Meek et aJ(1982) which narrowed down the location of the ovalbumin 
signal sequence to within the first 60 residues. The approach used by Dr. 
Colman's group, here at Warwick, was firstly to make specific deletions of 
ovalbumin cDIA and insert these into expression vectors, then inject 
these constructs into the nuclei Xenopus oocytes in order to study the 
segregation of the mutant ovalbumin proteins in vivo. Secondly, once 
identified, the putative signal sequence region of ovalbumin was to be 
fused to a nonsegregating polypeptide to determine whether the resulting 
hybrid protein was translocated in vivo. The success of these fusion 
experiments would depend on the signal sequence region alone being able 
to effect translocation, without interaction between the signal sequence 
and other regions of the protein being required. These ovalbumin signal 
sequence fusions would therefore provide an opportunity of testing the 
autonomy of a eukaryotic signal sequence which is not cleaved on 
translocation. This work, to which I contributed, will not be described in 
this thesis but it is published (Krieg et al, 1984j Tabs et aJ,1984> and 
reprints of the papers are Included in the Appendix.
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-MATERIALS A MBTHODS-
II.A. MATERIALS
Source of mRHAs. recombinant DMAs and antibodies
PolyA preprochymosin mRHA was prepared from unweaned calves as 
described in Harris et all 1902), and was a kind gift from T. Harris 
(Celltech Ltd., UK). Oviduct mRHA from Rhode Island Red hens was prepared 
in this laboratory by D. Drummond and L. Tabe as described in Cutler 
et aJ(1981). Human placental lactogen mRHA was a kind gift from Amersham 
International.
Recombinants pSV2 SFV(d-l) and pSV S-SFV(d-l) (Garoff et al, 1983; 
Kondor-Koch et ai,1983) were kind gifts from H. Garoff (EMBL, Heidelberg, 
V. Germany). The plasmids pTKMoLTRi, which contains the Moloney murine 
sarcoma virus long terminal repeat (Dhar et ai,1980), and pTKl, which 
contains the Herpes simplex thymidine kinase gene (Wilkie et ai,1980), 
were both gifts from H. Wilkie (Beatson Institute, Glasgow, UK). The 
plasmid plsl84, which contains all the chicken lysozyme coding sequence 
(Land et ai,1981), was a gift from A. Sippel (Cologne, W.Germany). Bell 
DHA fragments containing the coding sequences for calf preprochymosin, 
prochymosin and chymosin were gifts from T. Harris (Celltech); these are 
described in Emtage et ai(1983) and Mellor et al(1983) as fragments '82', 
■701 and '86' respectively.
Rabbit anti-chick lysozyme was a kind gift from D. Cutler (University of 
Warwick). One batch of rabbit antl-prochymosln sera (apCc-r) was a gift 
from P. Lowe (Celltech), but more prochymosin antibodies (apCxs) were 
raised at Warwick (see II.G)
Chemicals
Generally 'AnalaR' grade chemicals were obtained from BDH Chemicals Ltd., 
Dorset.
The following compounds were purchased from Sigma Chemical Co. Ltd., 
Poole, Dorset: Amplclllin, Chloramphenicol, Dithlothreitol (DTT),
deoxynucleot ide 5' triphosphates (dHTPs), dideoxynucleotide 5'
triphosphates (ddHTPs), Ethidium bromide, Phenylmethylsulphonylfluoride 
(PMSF), Trizma base, 5-bromo-4-chloro-3-indolyl-p-galactoside (BCIG),
Isopropyl-p-D-thiogalactoside (IPTG).
Hucleoside 5' triphosphates (ATP, CTP, UTP, OTP) and the capping 
dinucleotides m ’GŒ'IpppiS'IG and m’GŒ'lpppiS'IGm were obtained from 
Pharmacia, Hounslow. Middlesex. A Hlndlll/Alul oligonucleotide linker 
[ d5 'GCA AGCTTGC311 and nuclease free bovine serum albumin (BSA) were 
obtained from GIBCO BRL, Uxbridge, Middlesex.
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The '15mer' M13 sequencing primer IdTCCCAGTCACACGTl was purchased froa 
Boehringer Mannheia, BCL, Lewes, E.Sussex.
Electrophoresis reagents were purchased as follows: Agarose Type II 
(Sigaa). Acrylaaide, specially purified for electrophoresis (Fisons, 
Loughborough, Leics.). N,N'-methylenebisacrylamide (bisacrylamide) 
(Eastaan Kodak Co., Kirkby, Liverpool). N.N.N'.N'-tetramethylethylenediamine 
(TEKED) (Biorad Laboratories, Watford, Herts.).
Materials for bacterial culture were obtained as follows: Oxoid yeast 
extract (Oxoid Ltd., Basingstoke, Hants). Bacto-agar, -tryptone, -casaaino 
acids (Difco Laboratories, E.Molesey, Surrey.
Radiochenicals
The following radiocheaicals were purchased froa Aaershaa International 
pic, Aaershaa, Bucks.
t'^Claethylated protein aixture, aolecular weights 14,300-200,000; 5pCi/al. 
L-C3BSlaethionine, in aqueous KCHaCOO solution; =1060Ci/aaol (10-15aCi/al) 
Deoxyguanosine 5 a-3iP) triphosphate, triethylaaaoniua salt in aqueous 
solution; =>3000Ci/amol (lOaCi/al).
Deoxycytidine 5'-Ia-33P]triphosphate, triethylaamoniua 
solution; *3000Ci/amol (lOmCi/al).
salt in aqueous
Adenosine 5'-lV-33P)triphosphate, triethylammonium 
solution; 5,000Ci/mmol (10aCi/al).
salt in aqueous
Guanosine 5'-Ia-33P]triphosphate, triethylammonium 
solution; 410Ci/mmol (10mCi/ml).
salt in aqueous
Enzymes
DIA restriction enzymes were obtained from Bethseda Research 
Laboratories (GIBCO BRL). Calf Intestinal alkaline phosphatase (CIP), 
Klenow DIA polyaerase, T» ligase, T« kinase and micrococcal nuclease were 
obtained froa Boehringer Mannheia. SP6 RIA polyaerase was froa NEK 
Research Products, through Dupont (UK) Ltd., Stevenage Herts. RNasin 
(ribonucléase Inhibitor) was purchased froa P & S Biocheaicals, Liverpool. 
Lysozyme and RIase A were obtained froa Sigaa.
Photographic Materials
Fuji RX X-ray film (Fujiaex Ltd., Swindon). DX80, FX40 (Kodak Cheaicals 
Ltd., Kirkby, Liverpool). Polaroid Land Fila type 665 (Polaroid (UK) Ltd., 
St. Albans, Herts).
Commonly Used Buffers
TE: Tris/EDTA UOmM-Tris.HCl, laM-EDTA, adjusted to required pH (between 
7.4-8.0))
TEA: Tris/EDTA/Acetate UOaM-Trls.HCl, 20aM-HaCH»COO, 2aM-BDTA, pH8.3>
TBB: Trls/Borate/EDTA UOOaM-Tris.HCl, lOOaM-boric acid, 2mM-EDTA, pH8.3)
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II.B. MABIPULATIQB OF DMA
Many of the techniques described in this section are included in
’Molecular cloning: a laboratory manual’ by Maniatis et al(. 1982) to which 
the reader is referred for further details and background information. It 
should be noted that the precise conditions I used here vary, in general 
only slightly, from those described in Maniatis et al.
ll.B.l. Restriction Endonuclease Digestion
Restriction enzymes were used according to the suppliers 
instructions. The DMA to be digested was dissolved in the appropriate
buffer to a concentration of (lOOpg/ml and then incubated with the 
required enzyme as described in Maniatis et al( 1982). To digest RBA
present heat treated RBase A (lOpg/ml) was included in the Incubation 
when necessary.
II.B.2. Phosphatase Treatment of DBA
Calf intestinal alkaline phosphatase (CIP) was used to remove the 5' 
phosphate groups from DBA. When a new batch of CIP was received it was 
dissolved in sterile water to lunlt/pl and allquoted into 25unit lots 
which were lyophilised and stored at -20 "C with desiccant. The
lyophilised CIP was reconstituted as required in lOmM-Tris.HCl (pH7.6), 
10mM-MgCl2 to give a solution of 0.5unit/pl; this was kept at 4"C and 
used for up to six weeks.
Up to 5pg of DBA in 50pl 100mM-Tris.HCl<pH8.0) or restriction buffer 
were incubated with 2.5units of reconstituted CIP plus 0.16%u /v SDS. The 
reaction was incubated at 37 *C for >2h, after which the enzyme was 
removed by extracting the mix twice with phenol:chloroform (1:1). Traces 
of phenol were removed by extracting the final aqueous phase with diethyl 
ether, and the DBA was recovered by ethanol precipitation.
II.B.3. Filling in 3' Recessed Ends
The 3 ’ recessed ends of restriction fragments were filled in using 
the Klenow fragment of DBA polymerase I according to the suppliers 
instructions. The reaction was terminated by extracting it with
phenol: chloroform(1:1) and the DBA was recovered by ethanol
precipitation.
II.B.4. Ligation of DBA Fragments
DBA fragments with cohesive or blunt ends were ligated together by 
incubation overnight (approx. 16h> at 4*C with T* ligase in
70mM-Tris .HC1 (pH7.5), 7mK-MgCl», lmK-ATP, lOmB-DTT. Generally 50ng of 
each DBA fragment was used in a lOpl ligation mix with lunlt of 
T« ligase. After incubation the enzyme was inactivated by heating the 
reaction to 65 "C for 5mln.
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II.B.5. Addition of Linkers to DMA Fragments
Synthetic oligonucleotide linkers, containing specific restriction 
endonuclease cleavage sites, were obtained with hydroxyl groups at their 
5 ’ ends. To produce 5' phosphate groups suitable for ligation the linkers 
were treated with T« polynucleotide kinase and ATP in a reaction 
containing 50mM-Tris.HCl (pH7.6>, lOmK-KgClj, lOmM-DTT, lmM-ATP, 
0.5units/pl T.» kinase, lOOng/pl linkers. The reaction was incubated for lh 
at 37*C. When radiolabelled linkers were required [y-33P]ATP was used 
instead of unlabelled ATP during the first 30min of the incubation period; 
'cold' ATP(lmX) was then added and the reaction continued a further 
30min. The efficiency of the phosphorylation reaction was assessed by 
separating an aliquot of the 33P-labelled linkers on a 10H nondenaturing 
polyacrylamide gel (see B.9), together with some ligated phosphorylated 
linkers. Autoradiography of the gel showed the incorporation of 33P-label 
into a fragment the size of the linker, and into a ladder of fragments 
with the ligated linkers. The ligation of linkers to DHA fragments was 
carried out as described in B.4 but using 200ng of phosphorylated linkers 
and 500ng of the DBA fragment.
II.B.6. Transformation of Plasmid DBA into E.cali
The E.coli strain KC1061 was used as a transformation host for 
plasmids. Whilst this strain is recA- no problems of recombination 
between plasmid and bacterial DBA were encountered, and the strain was 
found to give higher transformation efficiencies than recA~ strains.
MCI 061 was grown at 37 *C by liquid culture in L broth 
(l»(w /v)-tryptone, 0.5%-yeast extract, 0.5%-BaCl> or on L agar plates 
<L broth plus 1.5%(w /v> agar).
To prepare competent cells for transformation an overnight culture 
of MC1061 was diluted 1:50 with L broth then Incubated in an orbital 
shaker (200rpm) at 37’C until the culture reached a density of approx. 
A«oo=0.6. After chilling the culture on ice for 30min the bacteria were 
harvested by centrifugation at 4,000g for 5min at 4*C. The cells were 
resuspended in ice-cold O.lM-KgCl» to half the original culture volume, 
and the suspension was centrifuged as before. The bacterial pellet was 
then resuspended to '/to the original volume in ice-cold O.lM-CaCl* (made 
fresh from solid CaCla.efoO). Competent cells were left at 4"C for 
4 to 24h before being used for transformation.
For transformation plasmid DBA (l-3jil of a ligation mix, see B.4) 
was added to 0.2ml competent cells and incubated for 30nin on ice. The 
cells were then heat-shocked by transfer to 42*C for 2min, and afterwards
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incubated on ice for a further 30min. Following addition of 0.5ml L broth 
the cells recovered at 37’C for 30min, after which they were mixed with 
3ml L top-agar <L broth containing 0.7% agar) kept molten at 45*C, and 
plated onto L agar containing 100pg/ml ampicillin, in 15cm petri dishes. 
All plasmids used contained the ampicillin resistance gene of pBR322.
II.B.7. Isolation of Plasmid DHA
Plasmid DHA was prepared from transformed E.coll using the alkaline 
lysis method of Birnbolm & Doly(1979>. For analysis of recombinants 
plasmid DHA was isolated from a 1.5ml overnight culture of the
transformant in L broth containing ampicillin (30pg/ml). For larger scale 
preparation a fresh overnight culture was diluted 1:50 with
L broth+ampicillin (30pg/ml); when this culture reached Atoo of 1.0-1.5 
chloramphenicol was added to 200pg/ml and incubation continued overnight. 
An outline is given of the Isolation of plasmid DHA from a 11 
chloramphenicol treated culture, while the figures inside the square
brackets are for the small scale isolation of plasmid DHA from 1.5ml
cultures.
E.coll were harvested by centrifugation at 4,000g for 5min at 4'C 
I5mln in a microfugel. The pellet was resuspended in 8ml C40/il) of 
25mX-Tris.HCl (pH8.0), lOmX-HaiEDTA, 15%(w/v)-sucrose, 2mg/ml-lysozyme, 
and incubated on ice for 30min C5minJ. Two volumes of 0.2X-HaOH, 0.1%-SDS 
were added and the mixture left on ice for lOmin I5minl. After addition 
of 10ml (50pl) 3X-HaCHaC00(pH4.6> the mixture was Incubated on ice for a 
further 40min [5minl before pelleting the denatured chromosomal DHA by 
centrifugation at 15,000rpm for 15min at 4 ‘C in a XSE HS18 8*50 rotor 
IlOmin in a microfuge). The supernatant was removed and 2.5 volumes of 
absolute ethanol added to it. After incubation at -70*C for 15min the 
precipitated material was recovered by centrifugation at 10,000rpm for 
lOmin at 4*C in a KSE HS18 8x50 rotor ClOmln in a microfuge). The pellet 
was washed with 70% ethanol and then dissolved in 3ml ClOOpl) water. The 
large scale preparations were RHase treated at this stage by Incubation 
with lOOpg/ml heat treated RHase A at 37*C for 30min. The solution was 
then extracted twice Cones) with phenol:chloroform<1:1) and once with 
water-saturated diethyl ether prior to carrying out a second ethanol 
precipitation. The final dried pellet was dissolved in sterile H»0 and 
stored at -20 *C.
Where necessary the plasmid DHA was further purified using sucrose 
gradients (see below, B.8) or by banding on CsCl gradients. CsCl (208g) 
was dissolved in lOmX-Tris.HCl, lmX-Ia*EDTA (160ml) and 25ml of this
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solution was mixed with 5ml DNA solution and 1.5ml ethidium 
bromide(lOmg/ml). The samples were then centrifuged in a V.Ti.50 vertical 
rotor in a Beckmann L8 at 50,000rpm and 23*C overnight (approx. 16h). The 
banded DBA was collected and the DBA recovered as described in Xaniatis 
et aJ<1982).
II.B.8. Purification of DBA on Sucrose Gradients
Sucrose gradients (10-40%) for fractionation and purification of 
plasmids and DBA fragments were prepared as follows in polycarbonate 
tubes to fit a 6x14 swing out rotor of a XSE 65 centrifuge. 5.5ml 
10%(w /v)-sucrose in TE Buffer (pH8.0) was layered on top of 5.5ml 
40% (w /v)-sucrose in TE Buffer (pH8.0), and the tubes were sealed with 
’Besco’ film. The tubes were gently turned horizontal and placed at 37'C 
for 90min to allow the gradient to form, after this they were carefully 
turned upright again and cooled to 4*C. After balancing the tubes in the 
centrifuge buckets the DBA samples (<50pg) were layered onto the 
gradients. The gradients were then centrifuged in a precooled rotor at 
35,000rpm and 4 ’C overnight (approx. 16h).
The gradients were fractionated using an ISCO Density Gradient 
Fractionator fitted with a filter absorbing at 254nm. A ’pusher solution’ 
of 50%(w /v)-sucrose was pumped into the bottom of the tube at a flow 
rate of lml/min, and fractions were collected from the top of the 
gradient. When uncut plasmid DBA was fractionated under these conditions 
the supercolled form was collected in the first DBA peak detected (around 
7ml), migrating slower on the gradient than nicked open circles; this is 
the reverse of the relative mobility of these two forms on agarose gel 
electrophoresis. Any RBA present is found at the top of the gradient. DBA 
was recovered from gradient fractions by a short ethanol precipitation 
(lOmin at -70*0.
II.B.9. Gel Electrophoresis of DBA 
Agarose gels
For analytical and preparative purposes DBA was electrophoresed on 
horizontal agarose gels. Agarose (Typell, Sigma) was dissolved in TEA 
Buffer (see II.A) to give the required concentration of agarose, this 
ranged from 0.8-3.0%(u /v). Samples of DBA were loaded into the gel wells 
in a buffer of 6%<w /v)-sucrose, 0.1%-bromophenol blue, ImM-BajEDTA. The 
gels were electrophoresed at a constant voltage with TBA Buffer, using 
wicks made from 4 layers of Whatman 3MX paper to conduct current from 
the buffer compartment to the gel. DBA was visualised by immersing the 
gel6 after electrophoresis in 5pg/ml-ethidium bromide in TEA for 
15-30min, then viewing the stained gel on a UV light box. When required a
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photographic record was made of the UV fluorescent DNA fragments using 
positive-negative Polaroid 665 film.
Polyacrylamide gels
Vertical nondenaturing polyacrylamide slab gels were used to resolve 
small DHA fragments, <100 base pairs (bp). 10% (u /v)acrylamide gels
(30%acrylamide: l%bisacrylamide) were prepared in TBE Buffer (see II.A) 
using ammonium persulphate and TEMED for polymerization. The gels were 
pre-electrophoresed at 300V for at least lh then the samples were loaded 
and electrophoresis carried out at 600V with TBE as running buffer.
II.B.10. Extraction of DHA From Agarose Gels
Initially in order to isolate a specific DHA fragment use was made 
of low gelling temperature agarose, but later DHA was routinely extracted 
from 'normal' agarose gels by electroelution onto filter paper.
Low gelling temperature agarose
Preparative gels were cast using a low gelling temperature agarose 
(Sea Plaque) and electrophoresed at <4 0mA. The part of the ethidium 
stained gel containing the required fragment was cut out and TE 
Buffer (pHS.O) was added to l-2x its estimated volume. The gel slice was 
then melted by heating at 67 *C and an equal volume of saturated phenol at 
37 *C added. Following brief vortexing (30s) the mixture was microfuged 
for 3min. The aqueous phase was reextracted successively with warm 
phenol as before until no interface was seen after centrifugation. The 
final aqueous phase was washed with diethyl ether and the DHA recovered 
by ethanol precipitation.
Electroelution
Ethidium stained gels were placed on a glass plate on the UV light 
box and a clean scalpel blade was used to make a slit just below the DHA 
band to be eluted. A strip of Whatman Ho.l filter paper the width of the 
band backed by a single thickness of dialysis membrane was placed in the 
slit, with the paper adjacent to the DHA fragment. Electrophoresis was 
then carried out for a further 10-15min at 150V. After checking under UV 
that the band had run onto the paper, the paper and dialysis membrane 
were removed and put into a 0.4ml microfuge tube with a hole pierced in 
the bottom. This tube was placed inside a 1.5ml microfuge tube and both 
were microfuged for 20s, spinning the eluted DHA off the paper into the 
large tube. The paper and membrane were washed twice by adding 100pl TE 
Buffer (pHO.O) and microfuging as before. The combined eluate was 
extracted once with phenol/chloroform and once with diethyl ether and the 
DHA precipitated with ethanol.
56
II.C. M13 DMA SEOUEBCIHG
Sequencing of DMA was carried out using the chain termination 
method of Sanger et al(1977) and the M13 vectors developed by Messing 
and his coworkers (Messing et al,1977; Gronenborn 4 Messing,1978; 
Messing,1983). The techniques involved are now well established and full 
practical details and background information are given in the texts on 
DMA sequencing by Davis(1982) and Hindley<1983>.
II.C.l. Cloning DMA Fragments into M13 Vectors
The E.coli host strain JM103 was used; this was grown at 37"C by 
liquid culture in 2xYT broth <1.6%(w /v)-tryptone, 1.0% <u /v)-yeast extract, 
0.5%-KaCl) or on Minimal agar (this contained per litre: 15g agar, 
10.5g K2HPO4, 4.5g KH2PO4, lg (MH*)2SO4, 0.5g sodium citrate dihydrate,
0.2g MgSO*.7 H2O, 5pg thiamine hydrochloride, 2g glucose).
The double stranded replicative form of M13mpl0 was prepared as
described in Davis (1982) by D. Drummond; this was digested with the
appropriate restriction endonucleases and treated with CIP (see B.l and 
B.2) to provide vectors for the cloning of specific DMA fragments.
Ligation of vector and fragment was carried out as described in B.4.
Competent cells for transformation were made from a fresh culture 
of JM103 at A«oo*0.2, harvested by centrifugation at 5,000g at 4*C for 
5min. The pelleted bacteria were resuspended in freshly made ice-cold 
50mK-CaCl2 to It the original volume of the culture and left on ice for 
20mln, then pelleted again and resuspended in 50mM-CaCl2 to ' / 1 0 the 
culture volume. For transformation 300pl competent cells were mixed with 
1 pi of ligation mix and left on ice for 40min, they were then heat- 
shocked for 2mln at 42 "C and returned to ice. The heat-shocked cells were 
added to 3ml molten H agar {1%-tryptone, 0.5%-IaCl, 0.8% Difco agar) at 
45 "C containing 25pl BCIG <2% <“ /v) in dimethylformamide),
25pl IPTG (25mg/ml), 20pl of exponentially growing JK103; after mixing
this was plated onto Minimal agar plates <15cm diameter). Transformants 
with X13 containing Inserts produced clear ('white') plaques whilst the 
X13 vector alone gave blue plaques in the bacterial lawn.
II.C.2. M13 Sequencing
Preparation of single stranded template DMA
Single stranded M13 DMA was isolated from the supernatant of 
Infected E.coli, it was found that careful preparation of the template was 
crucial for good results in sequencing. A fresh overnight culture of 
JM103 was diluted 1:40 with 2*YT and divided into 1ml aliquots. Using a 
toothpick, virus particles from M13 plaques were transferred to the
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II.C. X13 PSA SEOUEHCIIG
Sequencing of DHA was carried out using the chain termination 
method of Sanger et al(1977) and the M13 vectors developed by Messing 
and his coworkers (Messing et al,1977; Gronenborn & Messing,1978; 
Messing, 1983). The techniques involved are now well established and full 
practical details and background information are given in the texts on 
DIA sequencing by Davis(1982) and Hindley(1983).
II.C.l. Cloning DMA Fragments into M13 Vectors
The E.coli host strain JM103 was used; this was grown at 37"C by 
liquid culture in 2*YT broth (1.6% (w /v)-tryptone, 1.0%(w /v)-yeast extract, 
0.5%-IaCl) or on Minimal agar (this contained per litre: 15g agar, 
10.5g K2HPO4, 4.5g KH2PO4, lg (HHilzSCU, 0.5g sodium citrate dihydrate, 
0.2g MgS04.7H20, 5pg thiamine hydrochloride, 2g glucose).
The double stranded replicative form of M13mpl0 was prepared as
described in Davis (1982) by D. Drummond; this was digested with the
appropriate restriction endonucleases and treated with CIP (see B.l and 
B.2) to provide vectors for the cloning of specific DIA fragments.
Ligation of vector and fragment was carried out as described in B.4.
Competent cells for transformation were made from a fresh culture 
of JX103 at A«oo*0.2, harvested by centrifugation at 5,000g at 4*C for 
5mln. The pelleted bacteria were resuspended in freshly made ice-cold 
50mX-CaCl2 to It the original volume of the culture and left on ice for 
20min, then pelleted again and resuspended in 50mM-CaCl2 to '/io the 
culture volume. For transformation 300pl competent cells were mixed with 
lpl of ligation mix and left on ice for 40mln, they were then heat- 
shocked for 2min at 42 *C and returned to ice. The heat-shocked cells were 
added to 3ml molten H agar (1%-tryptone, 0.5%-IaCl, 0.8% Difco agar) at 
45 "C containing 25pl BCIG (2% (w /v> in dimethylformamide),
25pl IPTG (25mg/ml>, 20pl of exponentially growing JK103; after mixing
this was plated onto Minimal agar plates (15cm diameter). Transformants 
with M13 containing inserts produced clear ('white') plaques whilst the 
M13 vector alone gave blue plaques in the bacterial lawn.
II.C.2. M13 Sequencing
Preparation of single stranded template DIA
Single stranded M13 DIA was isolated from the supernatant of 
infected E.coli, it was found that careful preparation of the template was 
crucial for good results in sequencing. A fresh overnight culture of 
JI103 was diluted 1:40 with 2*YT and divided into 1ml aliquots. Using a 
toothpick, virus particles from 113 plaques were transferred to the
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diluted JM103 aliquots and the infected cultures were incubated for 5h at 
37'C in an orbital shaker (200rpm). The M13 single stranded ’+ strand' 
template DBA was prepared as described in Davis<1982); particular care 
being taken firstly to exclude any bacteria when pipetting off the initial 
supernatant material, and secondly to avoid taking any of the interface 
or organic layer with the aqueous phase after phenol extraction.
The sequencing reaction
Sequencing of the X13 single stranded template was carried out 
using la-32PJdGTP as the radiolabelled nucleotide and a 15 base 
sequencing primer (see II.A). The procedure used in general is given 
below, but exact conditions were varied as necessary; once again practical 
details can be found in Davis(1982).
Single stranded DIA equivalent to a fifth of a 1ml culture was 
annealed to 5ng of sequencing primer in a buffer of 10mX-Trls.HCl(pH7.4), 
lOmX-XgCli, 50mX-HaCl, lOmX-DTT, in a volume of lOpl in a 0.4ml 
microfuge tube. The microfuge tube and its contents were placed into a 
preheated test tube of water standing in a boiling water bath, and left 
for 5mln; the test tube was then removed and, with the microfuge tube 
containing the annealing mix still inside, it was allowed to cool to room 
temperature. 5pCi tot-32PMGTP was added to the annealed primed DHA 
followed by lunit Klenow enzyme. 2pl of this mix was then dispensed into
four 1.5ml microfuge tubes each containing 2pl of one of the different
dideoxynucleotlde/deoxynucleotide mixes <ddXTP/H‘> listed below.
X' Xixes volume in pi
T* C' A* G*
50mX-Tris.HC1<pH8.0),lmX-IaaEDTA 5 5 5 5
0.5mX-dTTP 1 20 20 20
0.5mX-dCTP 20 1 20 20
0.5mX-dATP 20 20 1 20
66pX-dGTP 1 1 1 1
ddITP Concentrations IpX) ddTTP ddCTP ddATP ddGTP
500 200 125 200
ddITP/I* Xixes:
Equal volumes of the relevant pairs of I* and ddBTP solutions were 
mixed together (ie. ddCTP + C*>, and 2pl of the resulting ddITP/I‘ 
mix used In sequencing reactions as described above.
The reactions were Incubated for 15mln at room temperature then lpl 
0.5mX-dGTP added and a further 15min ’chase’ period allowed. At the end
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of the chase Incubation 5pl Sequencing Load (95%(v/v> deionised 
formamide, 10mM-Ha2EDTA, O.lfc-xylene cyanol FF, 0 .1%-bromophenol blue) 
was added, except in the case of samples which were not to be 
electrophoresed immediately; these reactions were terminated by freezing 
in dry ice, then kept at -20 *C and Sequencing Load added when the 
samples were thawed for electrophoresis.
Polyacrylamide sequencing gels
The products of the sequencing reactions were separated on 
6%(u /v)-polyacrylamlde (38%<“ /v)acrylamide: 2t(w /v)bisacrylamide),
SH-urea, TBE gels. These were cast with a thickness of 0.35mm using 
plates to fit the Raven Scientific model RCA 505 apparatus. Gels were 
pre-electrophoresed with TBE as buffer at 25mA for at least lh using a 
LKB Bromma model 2197 power pack. Just prior to electrophoresis the 
reactions in Sequencing Load were put in a heating block at 100 'C for 
5min, then l-2pl samples were loaded into the sample wells which had 
been thoroughly flushed out first with buffer. The gels were 
electrophoresed at 25-30mA with an aluminium plate clamped to the glass 
plates to evenly distribute the heat. Following electrophoresis the gels 
were first fixed with 10%(v/v)-glacial acetic acid, 10%(v/v)-methanol and 
then carefully transferred onto a sheet of damp Whatman 3 MM paper. The 
gel was dried down under vacuum at 60 'C and then exposed to X-ray 
sensitive film at room temperature.
II.D. TS VTTSO TRANSCRIPTIQB USIHG THE SP6 SYSTEM
Synthetic RIAs, for translation in vitro (see section E) or in vivo 
following injection into Xenopus oocytes (section H), were made using the 
SP6 systen developed by Melton and his coworkers (Melton et al,1984; 
Krleg & Melton,1984). Specific cDIA constructs were cloned into the 
Hindlll site of pSP64 (Melton et al, 1984). The DMA was linearised to 
provide a template for transcription by cutting at a unique restriction 
site in the polyllnker region downstream of the insert, and the 
linearised DMA was purified by electroelution from agarose gels (B.10).
II.D.l. Transcription Reaction 
Uncapped transcripts
Transcription was carried out using a modification of the method 
described in Melton et al<1984), taking care to ensure all reagents and 
equipment were free from nucleases. In brief the linearised DMA template 
(20-50pg/ml> was Incubated for lh at 40*C in a volume of 50pl in a 
reaction containing 40mM-Trls.HCl(pH7.5), OmM-MgCla, 2 mM-spermldine,
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lOmH-DTT, 2units/pl RHasin, 100pg/ml BSA, 500pJC each of the
ribonucleotides UTP, CTP, ATP and GTP, 200pCi/ml ta-22PJGTP and
200-300units/ml SP6 RHA polymerase. At the end of the incubation aliquots 
were taken for quantification of the RHA yield, described below, and the 
remaining reaction was made up to lOOpl and EDTA(pH7.6> added to lOOpX. 
The mix was then extracted once with phenol: chloroform (1:1) and twice 
with chloroform. Ammonium acetate was added to 0.7N followed by 2.5 
volumes of absolute ethanol and the RHA was precipitated overnight at 
-20*C. The RHA was then dissolved in 0.7M ammonium acetate and 
precipitated with ethanol a second time as before. The final RHA pellet 
was washed with 80% ethanol, dried under vacuum then dissolved in 
autoclaved double distilled water at 100ng/pl and stored at -70*C.
Capped transcripts
To produce capped transcripts the transcription reaction Included 
500pK-m7G<5’>ppp(5’)Gm or 500pK-m7G(5’>ppp(5’)G and only 50pX-GTP.
11.0.2. Estimation of RHA Yields 
Agarose gel electrophoresis
A qualitative assessment was made of the amount and size of the 
transcripts synthesized by separating an aliquot (5pl) of the reaction 
mix by electrophoresis on a 2% agarose/TEA gel as described in B.9. It 
was found that the RHA remained as a tight band if electrophoresis was 
carried out for <20mln at a constant voltage of 150V.
Incorporation of 32P-labelled ribonucleotide into RHA
The maximum theoretical yield of RHA in an uncapped reaction 
containing 500pH-GTP is 35pg, whilst in a capped reaction in the presence 
of 50pX-GTP it is 3.5pg. The amount of RHA synthesized in a reaction was 
quantitated by determining the percentage of the total Ca-J2P1GTP which 
had been incorporated into RHA. This was calculated by determining the 
radioactivity either in nucleic acids precipitated by trichloroacetic acid 
(TCA) or material binding to DE81 paper, the latter method being 
preferred.
For the first method four aliquots <l-2pl) of the reaction were 
spotted onto Whatman Hoi paper <lcm2) and allowed to dry. Duplicate 
sample were counted directly to give an estimate of the total 
radioactivity. The other pair were incubated with ice-cold 10%(w /v)-TCA 
for lOmin, washed with more cold 10%-TCA, then ethanol, followed by 
acetone, and then dried. The radioactivity of both sample squares in 
Triton toluene sclntlllant (6ml) was determined using a scintillation 
counter with the window set for ,2P.
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In the alternative method duplicate samples were spotted onto DE81 
paper (lcmJ). One was used directly to determine the total 3IP; whilst the 
other was washed for 5min each with 5 lots of 5%(u /v)-Ha.iHP0».I2 H2O, once 
with H2O, once with methanol, then allowed to dry. Both samples were 
counted as above.
II.E. IM VITRO TRANSLATION OF RNA
Natural messenger RWA and synthetic SP6 RHAs were translated in 
vitro in rabbit reticulocyte lysate (Pelham & Jackson,1976) and wheat 
germ (Roberts & Paterson,1973) cell-free systems; practical aspects of 
both these systems are discussed in Clemens(1984).
II.E.l. Translation of R1A In a Wheat Gera Cell-Free System
The wheat germ extract was prepared by D. Jackson using the 
procedure of Roberts 4 Paterson(1973). Translation of exogenous RNAs in 
the wheat germ extract was carried out using a modification of the 
procedure described in Clemens (1984). In brief RHA (4-25ng/pl) was 
incubated for lh at 27 *C with 50pX each amino acid except methionine, 
lmJt-ATP, O.lnX-GTP, lOmX-creatlne phosphate, 0.7pg/pl creatine 
phosphoklnase, 50pX-spermine, 250pX-spermidine, SOmX-KCHiCOO, 2mM-DTT, 
lOmM-HEPES (pH7.6 with KOH), lunlt/pl Rlasln and approx. 
lpCl/pl-I*sS]methlonlne. Prior to incubation an aliquot (l-2pl) of the 
mixture was removed, and further aliquots were taken at the end of the 
incubation period to determine the amino acid incorporation (see E.4.). 
The reaction was terminated by adding EDTA(pH7.5) to lOOmX.
II.E.2. Ia Vitro Translation Using a Rabbit Reticulocyte Lvsate
Two preparations of rabbit reticulocyte lysate were used for In 
vitro translations: a laboratory preparation made by Dr. G. Valle as 
described in Clemens (1984), and a commercial nuclease-treated batch 
(Amersham). Prior to use each 1ml aliquot of the laboratory batch was 
treated with haemin and micrococcal nuclease (see Clemens, 1984). The 
thawed reticulocyte lysate was adjusted to 50pg/ml creatine phosphoklnase 
and 40pX-haemln, and an aliquot (10pl> removed to determine the 
endogenous translation before nuclease treatment. The mix was then made 
to 2mX-CaCl* and 80units/ml micrococcal nuclease and incubated at 25 "C 
for 6-15mln (the optimum time was determined experimentally for each 
batch of nuclease). The reaction was terminated by the addition of 
EGTA(pH7.6) to 2.5mX and the lysate put on ice. Samples were taken to 
determine the endogenous and exogenous translation of the nuclease- 
treated lysate, and the remainder was divided into 50-100pl aliquots and
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flash frozen then stored in liquid I2. The nuclease treatment should 
reduce the endogenous translation by about 6%, and the nuclease-treated 
lysate shows a stimulation in translation of up to 7 fold in the presence 
of exogenous RHAs.
When the commercial reticulocyte lysate was used translation of 
RIAs was carried out according to the suppliers instructions, using 
6ng/pl RIA, 65pK each amino acid except methionine,
I. 5pCi/pl C3SS]methionine and 80%(v/v nuclease-treated reticulocyte lysate.
In vitro translations using the laboratory prepared lysate were 
carried out as described in Clemens(1984). RIA (5-25ng/pl> was incubated 
for lh at 30"C in the presence of 50pM each amino acid except methionine, 
lmK-ATP, O.lmM-GTP, lOnK-creatine phosphate, 0.7pg/pl creatine 
phosphoklnase, SOmJC-KCHjCOO, lOmM-HEPES (pH7.6 with KOH), approx. 
lpCl/pl [3*SJmethlonine and 50%(v/v) haemin and nuclease treated 
reticulocyte lysate. The reaction was terminated by the addition of 
EDTA(pH7.5) to 2.5mM and samples were taken to determine the amino acid 
incorporation (E.4).
II. E.3. Translation and Translocation Assays 
Translation In the presence of microsomal membranes
Stripped dog pancreatic microsomal membranes (Valter et al, 1981) 
were included in in vitro translations to determine whether the products 
of translation would translocate microsomal membranes. Translations were 
carried out as described in E.l. and E.2. except that dog pancreatic 
mlcrosomes (lpl) were Included in the assay; these microsomal membranes 
were a kind gift from G. Blobel.
Protease protection assays
After incubation In vitro translation-translocation assays were 
treated with proteases to determine which translocated products were 
protected within membranes from protease digestion. The translation mix 
was divided into 3 portions; to the the first trypsin and chymotrypsin 
(50/jg/ml each) were added, the same proteases plus l*(v/v) Triton-X-100 
were added to the second portion , whilst no additions were made to the 
third. All three samples were Incubated together on ice for 60mln, then 
PXSF was added to ImM. The protein products in each Incubation were then 
analysed by Immunoprécipitation and gel electrophoresis (see II.F). 
Separation of membranes and translocated proteins
An alternative method to distinguish those proteins translocated 
within mlcrosomes Involved the separation of membranes from the 
translation-translocation assay by centrifugation in an alrfuge. An
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aliquot (lOpl) from the assay was mixed with carrier membranes and 
layered onto a lOOpl cushion of 250mM-sucrose, lOOmM-KCHaCOO in an 
airfuge tube (200pl capacity) and centrifuged at 4'C for 20min at 20psi. 
The supernatant was carefully removed and saved, and the pellet was 
resuspended in 50pl ’Detergent Buffer’ (see II.F.l). PMSF (ImM) was added 
to both the supernatant and pellet fractions which were then stored at 
-20'C prior to analysis by immunoprécipitation and gel electrophoresis 
(as described in section F).
II.E.4. Determination of Amino Acid Incorporation in In Vitra Translations
To assess the amino acid incorporation in an in vitro translation 
the radioactivity in proteins precipitated with hot TCA was compared with 
the total 3‘S-isotope. The method described in Clemens(1984) was used; in 
brief duplicate samples (l-2pl) of the incubation mixture were pipetted, 
using an Oxford sampler, onto Vhatman So.l filter paper squares (1cm2) 
and allowed to dry. One sample was used for determination of total 
radioactivity, the other squares were gently swirled successively in 
ice-cold 5*("/v) TCA for 15mln; 5% TCA plus 3*(w /v) Casamino acids at 
90 'C for 15min; then at room temperature with 5% TCA for 15min, absolute 
ethanol for lmln and acetone for lmln. The radioactivity in the dried 
samples was then determined in a toluene based scintillant using a 
scintillation counter with a window set for 3‘S.
II.F. ABALYSIS OF PROTEUS
II.F.l. Immunoprécipitation
The immunoprécipitation of proteins from oocyte fractions (see II.H) 
or in vitro translations (E.l and E.2) was carried out in a buffer 
containing a mixture of detergents (Detergent Buffer) 
(lOOmM-Tris.HCl(pH7.95), l*v/v Triton-X-100, 0.5* SDS, 5mll-IlgCl2, lOOmB- 
KC1, 0.05* sodium deoxycholate, lmX-methlonine, lmM-PKSF, final pH 8.2). 
This was made fresh for each set of immunoprécipitations by mixing stock 
solutions of the components in the order listed. The whole
immunoprécipitation procedure was carried out on ice or at 4'C. The 
protein sample was mixed with Detergent Buffer (350pl) and an excess of 
the required antibody, then incubated for 30min. Formalin-fixed
Staphylococcal A envelopes (prepared by S. Bahmra and D. Jackson) were 
prewashed twice with Detergent Buffer and then added in excess to the 
immunoprécipitation to adsorb the antibody-antigen complexes
(Kessler,1975). After incubating at 4'C overnight on a rotastat, the 
membranes with bound material were pelleted lightly in a mlcrofuge (20s)
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and the pellet was washed four times by resuspension in Detergent Buffer 
followed by pelleting as before. The washed pellet was either prepared 
immediately for electrophoresis on SDS-polyacrylamide gels or stored at 
-20’C until required.
II.F.2. SDS-Polyacrylamlde Gel Electrophoresis of Proteins
For background information and practical details about the technique 
of polyacrylamide gel electrophoresis (PAGE) of proteins refer to Hames & 
Rickwood (1981 ), only a brief outline of the methods used will be given 
here.
Preparation of samples far electrophoresis
Immunoprecipitate pellets (see F.l) were resuspended in Sample 
Buffer <200mH-Tris.HCl(pH8.8), lM-sucrose, 0.01% bromophenol blue, 
5mM-EDTA, 8mM-DTT) and placed in a heating block at 100*C for 5min. 
After allowing the samples to cool to room temperature they were then 
alkylated by incubating in the presence of 70mH-iodoacetamide at room 
temperature for 15-30mln. Finally the samples were spun in a microfuge 
for 2min prior to loading on the gel. Vhen aliquots from in vitro 
translations were to be electrophoresed without immunoprécipitation, these 
were added directly to Sample Buffer and treated as above; except in the 
case of in vitro translations primed with ,2P-labelled 'SP6 RBA’ when the 
sample was incubated with RBase A (300pg/ml, 37 *C, 30min) prior to
adding Sample Buffer and treating as described above. Portions of treated 
samples which were not loaded on the gel were stored at -20 "C; when a 
further aliquot of the same sample was required these were thawed, 
vortexed, spun in a microfuge for 2min and then loaded on a gel.
Gel system
Protein products from in vitro translations or immunoprecipitated 
oocyte fractions were separated by electrophoresis on SDS-polyacrylamide 
slab gels using a discontinuous buffer system (Laemmli,1970). According 
to the size of proteins to be resolved the gels were cast with different 
proportions of acrylamide and bisacrylamide (see below) in a buffer of 
375mK-Trls.HCl(pH8.8>, 0.1» SDS.
% w /v acrylamide in gel % acrylamide: % bisacrylamide
(crœs linking ratio)
15.0 40: 0.2
12.5 30: 0.825
9.0 30: 0.825
9.0 30: 1.6
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A single composition of stacking gel was used with 
5%(w /v) acrylamide <30: 0.825 cross linked) in 125mM-Tris.HCl(pH6.8),
0.1% SDS. Ammonium persulphate and TEMED were used as polymerization 
agents. The gels were electrophoresed with a Tris/glycine running buffer 
(50mM-Trizma base, 384mM-glycine, 0.1% SDS) at 20mA per gel until the 
bromophenol blue dye had entered the resolving gel, then electrophoresis 
was continued at 25-30mA per gel.
Markers
Cytochrome c (25pg, horse heart typelll) gave a visual indication of 
the resolution of the gel during electrophoresis. A range of radiolabelled 
molecular weight markers was provided by running an aliquot (lOnCl) of a 
mixture of methylated ’*C-labelled proteins; this contained 
lysozyme (XV 14,300), carbonic anhydrase (30,000), ovalbumin (46,000), 
bovine serum albumin (69,000), phosphatase B (92,500) and 
myosin (200,000).
II.F.3. Fluorography and Autoradiography of SDS-Polvacrylamlde Gels
Following electrophoresis the SDS-polyacrylamide gels of 
“ S-labelled proteins were fixed in 45%(v/v) methanol, 10%<v/v) glacial 
acetic acid and -then fluorographed using the method of Bonner 4 
Laskey(1974) as described in Hames & Rickwood(1981). Occasionally a 
rapid, single step commercial fluorography agent, 'Amplify' (Amersham) or 
'Enhance' (SEX), was used according to the manufacturers instructions. 
However it was found that these were less sensitive than the longer 
method of Bonner ft Laskey and gave a high background with samples from 
cell-free translations which were electrophoresed without 
immunoprécipitation.
Autoradiographs were made of the dried, fluorographed gel by placing 
the gel in contact with X-ray sensitive film (see Materials) at -70*C. 
The film was sometimes preflashed to approximately Awo-1.0 to increase 
its sensitivity (Laskey ft Mills,1975).
II.G. PREPARAT IOI AMD CHAR ACTES ISATIQM QF PBQCHYMQSII AIT IBQDIES
II.G.l. Raising Rabbit Anti-Calf Prochvmosin Sera
Antibodies to calf prochymosin for use in immunoprécipitation were 
raised in a male Lop rabbit (Hylyne, Marston, Cheshire) with the help of 
Dr. G. Valle who held the required animal licence and performed the 
injections and bled the rabbit.
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Problems were encountered in solubilising the lyophilised 
prochymosin (a kind gift from P. Lowe, Celltech) for injection; this 
resulted in modification of the injection protocol to make best use of the 
material available. The injection routine used is outlined below:
Protein Approx.pg
Day Preparation(*) Volume Protein Inji
0 A 500pl 50
14 B 1ml 100
28 B 400pl 50
42 B 400pl 50
50 Bleed 1
75 C 500pl 150
82 Bleed 2
(*)Protein Preparations:
A. A solution of *100pg prochymosin in 500pl water (obtained as 
a solution from Celltech) emulsified with 500pl complete 
Freund's adjuvant to give prochymosin preparation A © 
= lOOpg/ml.
B. Lyophilised prochymosin, 500pg, (new batch from Celltech) 
suspended in 500pl water; as the prochymosin did not 
dissolve 2ml of Buffer P UOmM-Tris.HC1(pH8.0). lOOmM-BaCl, 
lmX-HazEDTA) was then added, this was recommended by Celltech 
to aid solution. However, still not all the protein dissolved 
and the resulting suspension was emulsified with 2.5ml 
incomplete Freund's adjuvant to give preparation B at xlOOpg/ml 
prochymosin. This suspension was stored at -20‘C between 
injections and re-emulsified prior to use.
C. 2mg lyophilised prochymosin (another batch from Celltech) 
dissolved as far as possible in 2ml Buffer P then mlcrofuged 
to remove undlssolved protein. The protein concentration of 
the supernatant containing solubilised prochymosin was 
estimated by measuring Azeo against a set of BSA standards; 
this gave a concentration of 570pg/ml protein. This solution 
was emulsified with an equal volume of incomplete Freunds' 
adjuvant for injection ©<>300pg/ml protein.
Bleeds:
1. Blood (40ml> was taken from the major vein in the ear and 
left to clot for 2h at room temperature then overnight at 
4*C. The clotted blood was centrifuged at low speed and the
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serum decanted. This serum was badly discoloured by 
haemolysed cells. A 1ml aliquot was removed for testing and 
stored at -20"C together with the rest of the serum. This 
serum is referred to as apCxsi.
2. 25ml Blood was taken from the other ear vein and treated as 
above except that the serum was decanted from the clot prior 
to clarification by centrifugation; this gave a straw 
coloured serum <apC»s2 >.
II.G.2. Testing___QÎ__ Antisera___by____ Immunodiffusion___ Assays___ and.
Immunoprécipitation A SDS-PAGE 
Immunodiffusion assays
It was hoped to test the cross reaction between the rabbit 
antiprochymosin sera and calf prochymosin by immunodiffusion 
'Ouchterlony' assays, using the following conditions. Glass microscope 
slides were covered with a layer molten agarose <1.5%w /v Noble agarose, 
0.8% NaCl, 0.01% sodium azide, approx. pH8>. Veils (2mm diameter) were cut 
in the set agarose with one central well surrounded by 6 others (at a 
distance of 7mm), these were filled with the required antigen and
antibodies and the slide was left overnight in a humid atmosphere at 
37 *C. Under these conditions a precipitin arc was seen in a control assay 
between ovalbumin protein and anti-ovalbumin sera. However, in 5 separate 
experiments using various preparations of prochymosin and 
antiprochymosin sera (see below for details) on no occasion was a visible 
precipitin arc obtained.
Prochymosin used as antigen in central well:
i) Injection solution C (see G.1.), before addition of adjuvant 
ie 570pg/ml.
ii) A 1:3 dilution of a solution of prochymosin obtained from
Celltech (said to be at lmg/ml in water), ie. diluted to 
330pg/ml.
iii) Soluble extract of yeast harbouring a plasmid containing an 
insert encoding prochymosin (Jtellor et al,1983), this 
contained 1.5mg total proteln/ml; it was a kind gift from 
Dr. A. Kingsman, Oxford University.
Antisera tested in antibody wells (neat and at various dilutions):
a) Rabbit sera raised against calf prochymosin by the group at 
Celltech and used in our laboratory for Immunoprécipitation 
of prochymosin produced in mlcroinjected oocytes (see III.E) 
- referred to as apCcT.
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b) Sera from Bleed 1 - apC»*i, see G.l.
c) Sera from Bleed 2 - apCos2, see G.l.
The reason for this failure to precipitate prochymosin in any of the 
combinations of antigen and antisera is unknown; the Celltech group 
report they obtain precipitin arcs with apCcT and prochymosin antigen 
solution ii), using similar conditions (personal communication from Dr. 
Peter Lowe). It was therefore decided to determine whether apCi>*i and 
apCRS2, like apCcr, could immunoprecipitate radiolabelled prochymosin from 
homogenised oocytes following microinjection with cDHA encoding 
preprochymosin.
Immunoprécipitation and SDS-PAGE of Kadiolabelled Prochymoein
Oocytes were microinjected with cDHA encoding preprochymosin 
(pTK2PPChy+, see III.E.), labelled with **S-methionine and homogenised as 
described in II.H. Equal portions were immunoprecipitated (see II.F.l) with 
the following antisera: 3pl apCcr, 15pl apC**i, 3pl and 15pl apC**2. The 
immunoprecipitated proteins were separated by electrophoresis on a 
12% SDS-polyacrylamide gel, as described in II.F.2, together with samples 
of unlabelled prochymosin used as the antigen in the Ouchterlony assays 
(i, ii and iii). The part of the gel containing radiolabelled proteins was 
fixed with acetic acid then fluorographed using 'Amplify' and the dried 
gel was exposed with preflashed X-ray sensitive film (see F.3); the 
remainder of the gel was fixed with 12% TCA and stained with Coomasie 
Blue (as described in Hanes & Rickwood,1981), then dried.
On the portion of the gel stained with Coomasie Blue the 
prochymosin antigen solutions i and li each gave a single band; a protein 
which also displayed the same mobility was the major component of the 
yeast extract (iii) which contained many proteins. The immunoprecipitated 
samples all gave the same pattern of bands on the autoradiograph of the 
dried f luorographed gel, with the main band migrating to the same 
position as the Coomasie Blue stained prochymosin band, this was slightly 
further than the 46,000 molecular weight marker. So it seemed that the 
prochymosin antisera I had raised (apCnn, apC*«2> will specifically 
Immunoprecipitate a protein which shows the mobility expected of 
prochymosin on SDS-PAGE. However, from the relative intensities of the 
bands on the autoradiograph, neither 15pl of apC««, or apC*22 appeared to 
precipitate as much *»S-labelled prochymosin as the 3pl aliquot of apCcT; 
so it was decided to concentrate the prochymosin antibodies from the 
sera by salt precipitation.
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antibody. <xpC 
amount (gl)
CT RS  
3 l1 3 5 7 9 31
1 2 3 4 5 6 7
Figure 11,1 Ieeunoprecipitition of prochyeosin by prochyeosin antibodies, apCRs 
Preprochyeosin *RNA «as translated in vitro in a reticulocyte lysate cell-free systee, as 
described in II.E,2. Equal portions (8pl) of the in vitro translation »ere 
iaeunoprecipitated either »ith prochyeosin antisera raised at Celltech Ltd, («pCcr, 
track 1) or «ith various aaounts of salt precipitated prochyeosin antibodies raised at 
Warwick <«pC»., tracks 2-6), The. ieaunoprecipitated products «ere separated by SDS-Pft6E on 
a 12,5* polyacrylaiside gel (cross linking ratio 30:0,825) and the radiolabelled proteins 
were detected by fluorography and autoradiography (see II.F), The dried fluorographed gel 
was exposed to preflashed I-ray sensitive file for 15h, Track 7 is of eaterial 
precipitated by «pC«. fro« an in vitro translation carried out in the absence of 
exogenously added RNA, The size of the '*C-labelled protein in the earker tracks are 
indicated.
11.G.3. Sodium Sulphate Precipitation of Prochvmosin Antibodies
The immunoglobulin prochymosin antibodies from the rabbit 
antiprochymosin sera were precipitated with sodium sulphate as described 
by Heide & Schwlck (1978). In brief apC»«j was diluted 1:1 with 
0.2N sodium phosphate (pH8.0), then this solution was precipitated once 
with 18% ("/vl-KaîSO*, twice with 15%(w /v)-Ba2S04, dialysed against 
phosphate buffered saline and concentrated in an Amicon B15 to '/» the 
original volume of apCi»s2. The purified antibody fraction was divided into 
15pl aliquots which were frozen on dry ice and stored at -70"C. When 
required an aliquot was thawed and adjusted to 50%(v/v) glycerol; such a 
glycerol stock, which will be referred to as otpC*«, was then stored at 
-20"C and used as a working stock.
II.G.4. Speciilcity-.Qi frachymosla Antibodies
Preprochymosin mRNA was translated in vitro (as described earlier, 
II.E.2.) in order to provide material to determine the specificity and 
activity of the antibody fraction (apC**) purified from the rabbit 
antiprochymosin sera, in comparison with the sera obtained from Celltech 
(apCcT>. It was found that lpl apC*s was as efficient as a 3pl aliquot of 
otpCcr (the amount recommended by Celltech for use in
immunoprécipitations) in immunoprecipitatlng the products in an 8pl 
aliquot of a reticulocyte lysate translation primed with preprochymosin 
mRBA (12.5ng/pl> (Fig. II.1, tracks 1 à 2). The autoradiograph of the 
precipitated proteins separated by SDS-PAGE on a 12.5% polyacrylamide gel 
(cross linking ratio 30:0.825) also showed that, in addition to a major 
band at Nr=43,000, presumed to be preprochymosin, a minor component with 
an apparent molecular weight N,-=38,500 was also precipitated both by 
apC«i and apCcr (see also Chapter IV). This is in agreement with the work 
of Noir et al(1982) who note that on translation of preprochymosin mRBA 
in a reticulocyte lysate cell-free system a minor species is 
immunopreclpitated by rabbit antiprochymosin sera, which is seen on 
SDS-PAGE of the products. They note that this species migrated slightly 
faster than the chymœin sample on the same gel (expected Nr*36,000> and 
it can be competed out specifically by excess unlabelled chymosin. It is 
likely that the minor species (estimated N.-=38,500) seen in Figure II.1 is 
the same as that observed by Noir et ai, it is probable the apparent 
discrepancy in molecular weight is due to different electrophoresis 
conditions, but Noir et ai do not give the polyacrylamide composition of 
their gels. Noir et ai suggest that this minor species may either be a 
degradation product of preprochymosin, or the result of translation
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antibody. °<pC 
amount (gl)
CT RS
3 '1 3 5 7 9 3'
92K—» * »
69K—> * *
46K-> m m r n m M m m
30K—» *• **
14-3K -* mm - a
1 2 3 4 5 6 7
F ig u re  I I . 1 I a n u n o p r e c ip i t a t io n  o f p ro c h y n o s in  by p ro c h y n o s in  a n t ib o d ie s ,  ®pC«s 
P re p ro c h y e o s in  *RNA was t r a n s la t e d  i n  vitro  i n  a r e t i c u lo c y t e  l y s a t e  c e l l- f r e e  s y s te » ,  as 
d e s c r ib e d  in  I I . E . 2 ,  E q u a l p o r t io n s  ( 8 p l )  o f  t h e  in vi t r o  t r a n s l a t i o n  w e re
in n u n o p re c ip i t a t e d  e i t h e r  w i t h  p ro c h y e o s in  a n t i s e r a  r a is e d  a t  C e l 1 te c h  L t d ,  (spCc-r, 
t r a c k  1) o r » i t h  v a r io u s  a n o u n ts  o f s a l t  p r e c i p i t a t e d  p ro c h y e o s in  a n t ib o d ie s  r a is e d  a t  
W arw ick («pCo», t r a c k s  2 - 6 ) ,  The. im e u n o p re c ip i t a te d  p ro d u c ts  w ere  s e p a ra te d  b y  SDS-PfiSE on 
a 1 2 .5 *  p o ly a c r y la m id e  g e l ( c ro s s  l i n k i n g  r a t i o  3 0 : 0 , 8 2 5 )  and th e  r a d io la b e l le d  p r o t e in s  
w ere  d e te c te d  by f lu o r o g r a p h y  and a u to r a d io g ra p h y  (s e e  I I . F ) ,  The d r ie d  f lu o ro g ra p h e d  g e l 
was exposed  to  p r e f la s h e d  K - ra y  s e n s i t i v e  f i lm  f o r  15h, T ra c k  7 i s  o f  m a te r ia l  
p r e c ip i t a t e d  by « p C «  fro m  an i n  vitro  t r a n s l a t i o n  c a r r ie d  o u t  in  th e  absence o f 
e xo g e n o u s ly  added RN fl, The s iz e  o f th e  ’ * C - la b e l le d  p r o t e in  i n  t h e  m a rke r t r a c k s  a re  
in d ic a te d ,
II.G.3. Sodium Sulphate Precipitation of Prochvmosin Antibodies
The immunoglobulin prochymosin antibodies from the rabbit 
antiprochymosin sera were precipitated with sodium sulphate as described 
by Heide & Schwick (1978). In brief apCi»«2 was diluted 1:1 with 
0.2M sodium phosphate<pH8.0), then this solution was precipitated once 
with 18% (“ /vi-HaiSOi, twice with 15% (w /v)-Na2S0*, dialysed against 
phosphate buffered saline and concentrated in an Amicon B15 to 'la the 
original volume of apCRS2. The purified antibody fraction was divided into 
15pl aliquots which were frozen on dry ice and stored at -70*C. When 
required an aliquot was thawed and adjusted to 50%(v/v) glycerol; such a 
glycerol stock, which will be referred to as apC«*, was then stored at 
-20*C and used as a working stock.
II.G.4. Specificity of Prochymosin Antibodies
Preprochymosin mRNA was translated in vitro (as described earlier, 
II.E.2.) in order to provide material to determine the specificity and 
activity of the antibody fraction (apCas) purified from the rabbit 
antiprochymosin sera, in comparison with the sera obtained from Celltech 
<apCcT>. It was found that lpl ctpCas was as efficient as a 3pl aliquot of 
apCcT (the amount recommended by Celltech for use in
immunoprecipitations) in immunoprecipitating the products in an 8pl 
aliquot of a reticulocyte lysate translation primed with preprochymosin 
mRNA (12.5ng/pl> (Fig. II.1, tracks 1 & 2). The autoradiograph of the 
precipitated proteins separated by SDS-PAGE on a 12.5% polyacrylamide gel 
(cross linking ratio 30:0.825) also showed that, in addition to a major 
band at X,-=43,000, presumed to be preprochymosin, a minor component with 
an apparent molecular weight X,-=38,500 was also precipitated both by 
apC»s and apCcr (see also Chapter IV). This is in agreement with the work 
of Xoir et aj(1982) who note that on translation of preprochymosin mRNA 
in a reticulocyte lysate cell-free system a minor species is 
lmmunopreclpitated by rabbit antiprochymosin sera, which is seen on 
SDS-PAGE of the products. They note that this species migrated slightly 
faster than the chymosin sample on the same gel (expected X,-=36,000) and 
it can be competed out specifically by excess unlabelled chymosin. It is 
likely that the minor species (estimated X.-=38,500> seen in Figure II.1 is 
the same as that observed by Xoir et al, it is probable the apparent 
discrepancy in molecular weight is due to different electrophoresis 
conditions, but Xoir et al do not give the polyacrylamide composition of 
their gels. Xoir et al suggest that this minor species may either be a 
degradation product of preprochymosin, or the result of translation
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starting after the normal ATG initiation codon, thus producing a smaller 
protein. From the sequence of the cloned preprochymosin cDBAs the next in 
phase ATG codon, after the initiation codon, corresponds to residue 140 
(Harris et al, 1982; Hoir et al,1982), so the expected molecular weight of 
a polypeptide initiating translation from this codon is approx. 28,000. It 
is therefore unlikely that abberant initiation of translation is the 
correct explanation for the smaller protein precipitated by the 
prochymosin antisera, it is suggested instead that it is either a product 
of premature termination or a degredation product. It should be noted 
that this minor species was not always seen in immunoprecipltates of in 
vitro translation of preprochymosin mRBA or RBA from cloned chymosln 
genes (see Fig IV.2) and was never seen in immunoprecipitated oocyte 
fraction* after microinjection of preprochymosin mRBA or cloned chymosin 
genes (Figs IV.1, III.6, V.3).
II.H. MICRO IB JECTIQB ABD AHALYSIS OF XEMOPUS OOCYTES
Batural mRBAs and synthetic SP8 RBAs were translated in vivo 
following microinjection into the cytoplasm of Xenopus laevis oocytes. 
Xenopus oocytes were also used as a coupled transcription-translation 
assay for cDBA constructs contained in eukaryotic expression vectors 
which were injected into the germinal vesicle. The Introduction section 
I.C. discusses the Xenopus oocyte as an assay system, and information 
concerning the practical details of the technique is given in the texts 
by Colman(1984a and b).
The ovarectomy of the frogs and all microinjections were kindly 
carried out by Dr. A. Colman. The technical assistance of Ms. E. Wallis 
is also acknowledged here, she frequently prepared the oocytes for 
injection and carried out the fractionation of injected oocytes and the 
subsequent immunoprécipitation and SDS-PAGE.
Microinjection of oocytee
Xenopus laevis frogs were maintained under the conditions given in 
Colman (1984a) by Mrs. C. Kwasinik. Oocytes for microinjection were 
obtained from anaesthetised animals by partial ovarectomy, then prepared 
and injected using the procedures described in Colman (1984a and b) 
throughout. The excised oocytes were firstly thoroughly washed in 
modified Barths' saline (MBS) <88mM-BaCl, ImM-KCl, 2.4mM-BaHC0»,
15mM-HEPES <pH7.6 with BaOH), 0.3mM-CaBO*.4HjO, 0.41mH-CaCli.6H»0,
0,82mM-MgS0*,7HsO, 10pg/ml sodium penecillin, 10pg/ml sodium streptomycin 
sulphate); the oocytes were then manually separated under MBS using
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watchmakers forceps and kept at 20'C, generally overnight, before 
microinjection.
In the cytoplasmic injections approx. 40nl of RBA solution 
(0.25-lmg/ml in distilled water) was injected into the vegetal region of 
each oocyte. Supercoiled plasmid DBA for nuclear injections was purified 
from sucrose gradients (B.8.) and dissolved at 150pg/ml in 88mM-BaCl, 
lOmB-HEPES (pH7.6) or in distilled HaO. Approximately 40nl of DBA 
solution was introduced into the germinal vesicle of oocytes using the 
'blind' injection method (Colman,1984b). In general 20-30 oocytes were 
injected with each type of RBA or DBA in an experiment.
Before Incubating the injected oocytes with radiolabelled methionine, 
oocytes from both RIA and DBA injections were left overnight in BBS at 
20*C, and any unhealthy oocytes were then discarded. The healthy oocytes 
were incubated at 20 ‘C in MBS containing lmCi/ml t,sS]methionine in the 
wells of microtitre plates, with 30pl radiolabelled medium per batch of 5 
oocytes. After incubation for approx. 24h the medium from wells in which 
all oocytes were still healthy was removed and saved (to analyse for 
secreted proteins). Any unhealthy oocytes were discarded and the 
remaining oocytes were washed thoroughly in KBS, and then fractionated 
as outlined below.
Oocyte fractionation
Labelled oocytes were homogenized at 4*C, usually as groups of 
15-25, in 500pl of T Buffer <50mM-BaCl, lOmB-Kg (CHaCOO)*,
20mK-Tris.HCl <pH7.6)> supplemented with 10%(u /v) sucrose, lOOmK-BaCl and 
ImM-PMSF. Homogenates were layered onto 1ml of T Buffer containing 
20%(w /v) sucrose, in 5ml polycarbonate tubes and centrifuged in a BSE 
HS18 in a 8x5ml swinging bucket rotor at 17,000g for 30mln at 4'C. The 
supernatants, representing the oocyte cytosol, were removed and retained 
for immunoprécipitation (F.I.). The pellets, containing yolk and membranes 
were then extracted with 500pl of Resuspension Buffer 
UOOmB-Tris.HCl <pH7.6>, 5mK-Mg(CH*COO)a, l*(v/v) Triton-X-100 and 
ImB-PMSF) followed by centrifugation for lmin in a microfuge. The 
supernatant, containing solubilised membranes, was kept for
immunoprécipitation (F.I.). Those fractions representing the cytosol and 
membranes of the oocyte are referred to as the C and M fractions 
respectively, whilst the medium containing secreted proteins is 
designated the S fraction.
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-RESULTS A DISCUSSIOI-
III. EXPRESSIQH ARP SEGREGATIQI OF LYSOZYME AHD GHYMOSIN BY OOCYTES
AFTER UJECIIQg QF cDRA
The work described in this chapter was carried out in collaboration with 
Dr. Paul Krieg and Dr. Alan Colman, and it is published as part of Krieg 
et al(1984) which is included in the Appendix.
III.A. Introduction
The objective of this project was to introduce site-specific 
nutations into the signal sequence region of cDIAs encoding eukaryotic 
secretory proteins and study their effect on translocation across the ER 
membrane (see I.E.). The published material to date concerning the 
structure and function of signal sequences in the translocation of 
secretory proteins had largely used prokaryotic systems. However it was 
decided in this project to use eukaryotic expression systems for studying 
the segregation of such mutants since (as discussed in the Introduction) 
there was growing evidence that, although similar in some respects, 
protein secretion in bacteria has only a limited resemblance to the 
process in eukaryotes.
The oocytes of Xenopus laevis was chosen as an in vivo expression 
system for this project, continuing work that had been carried out in 
this laboratory using these oocytes as a surrogate secretory system (eg. 
Colman 4 Morser,1979! Cutler et al, 1981; Valle et al, 1981). As noted in the 
Introduction (I.C.) it is known that oocytes will correctly post- 
translatlonally modify many foreign proteins expressed from mRIA and 
localise the proteins according to their behaviour in their 'parental' cell 
type, Including the secretion of secretory proteins. Other advantages of 
this system are the ease of the well tested techniques for analysis of 
the compartmentatlon of foreign proteins, with a few oocytes providing 
sufficient material for analysis. These features made the oocyte system
preferable to other eukaryotic In vivo assay systems such as the
transient expression of cDIA following microlnjectlon or transfection of 
cells in tissue culture. Whilst it was established that Xeaopus oocytes 
will transcribe exogenous DIAs mlcroinjected into the germinal vesicle, it 
had been found that many eukaryotic promoters were not functional in
oocytes (ie Wickens et aJ,1980, and see I.C.). In order to study the
expression of a variety of cDIA constructs it would be necessary to place 
the genes under the control of promoters known to function in oocytes. 
The development of vectors for the expression of cDHAs in oocytes is 
described in this chapter. The expression of specific cDIA constructs
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contained in such vectors, following injection into the oocyte nucleus, 
would determine whether proteins with signal sequence mutations were 
translocated and secreted in vivo. It was hoped to be able to relate 
alterations in the structure of the signal peptide to its role in 
translocation by looking closer at the reason for a nonsegregating 
phenotype, to determine at which stage in the process of translocation 
the mutant signal sequence was defective in function. The Xenopus oocyte 
system, however, could not be used for such a biochemical dissection of 
translocation and in vitro assay systems would be needed for this part 
of the project.
Vhen this work was started in 1982 eukaryotic in vitro expression 
systems had been used to study the process of translocation across the 
ER membrane. These studies involved the translation of polyA RHA for 
secretory proteins in cell-free systems supplemented with microsomal 
membranes and extracts of membranes containing components of the 
translocation machinery ie. SRP and SRP Receptor (see Introduction 
section A.2>. It was known also that Melton and his laboratory were 
developing a eukaryotic in vitro transcription system based on vectors 
containing a bacteriophage SP6 promoter from which transcription could 
be efficiently and specifically initiated by SP6 RHA polymerase (personal 
communication from D. Melton to A. Colnan). It was therefore hoped to use 
the SP6 transcription system, when it became available, to generate RHAs 
encoding wild-type and mutant secretory proteins from specific cDHA 
constructs. Translation of these synthetic RHAs in the established 
cell-free translation systems could then be used to characterise signal 
sequence mutants in terms of which stages in the translocation process 
the signal peptide could function correctly.
II1.B. Construction of Vectors for the Expression of Eukaryotic fifllAa in 
Xenopus Oocytes
As noted above not all eukaryotic promoters function in oocytes, so 
to provide a general system for expression of cDHAs in Xenopus oocytes 
it was decided to use vectors which firstly placed a cDHA insert under 
the control of a promoter which functions efficiently in oocytes, and 
secondly could replicate in B.coli to facilitate the isolation of DHA for 
experiments. Vectors based on the pBR/SV40 shuttle vectors constructed by 
Mulligan & Berg(1980) had been developed by Garoff's group and used to 
study the expression of cDHA encoding viral membrane proteins on 
microinjection into cultured cells (Garoff et al.1983; Kondor Koch 
et aJ,1983>. These placed the cDHA insert under the control of the Simian
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Figure 111,1; Construction of the expression vectors pSVi, pSV2, pTK> end pLTR2,
The plaseids pSV2 and pSVi were derived fro* pSV S-SFV(d-l) and pSV2 SFV(d— 1) 
respectively, by excision of the Seeliki Forest Virus sequence (broken line) using the 
strategy indicated. These plasaids reseebled the parental pSV2 described by Mulligan It 
Berg<1980) in that they contain 2300 bases of pBR (thick lines) which specify the origin 
for plasaid replication and the aepicillinase gene, They also both contain SV40 sequences 
(open boxes) including a Pvull-Hindlll fragment containing the SV40 early promoter region, 
Dovnstreae froe the unique Hindlll site, relative to this proeoter, both vectors have a 
frageent carrying the early transcripts tereination and polyadenylation signals, In pSVi, 
this region lies aleost adjacent to the Hindlll eite but in pSVi there is, between the 
Hindlll site and the polyadenylation region, an additional Hbol frageent containing the 
SV40 seall t intron, The hatched box represents a 21 base synthetic oligonucleotide that 
contains translational stop codons in all three reading fraaes (see 6aroff et »1, 1983), 
The vectors pTK2 and pLTRi were were derived froa pSV2 by replacing the SV40 early 
proaoter with either a region of the Hnrptt implex thyaidine kinase gene (shaded box) or 
the doloney aurine sarcoaa virus long terainal repeat (stippled box); aanipulations were 
carried out as indicated in the Figure using techniques described in the Haterials It 
Methods (section 11,B), For clarity the various regions of the vectors are not drawn to 
scale, The saall arrows indicate the position and polarity of the proaoter in the vectors,
Virus 40 (SV40) early proaoter. It was decided to test whether cDHA 
encoding eukaryotic secretory proteins when cloned into these vectors 
could be expressed in oocytes. Garoff and his coworkers had constructed 
two recombinant vectors with inserts containing Sealiki Forest Virus 
sequences; these were designated pSV2 SFV(d-l) and pSV S-SFV(d-l) 
(Garoff et ¿2,1983, Kondor-Koch et ai, 1983), and their composition is 
given in Figure III.l. These vectors differed in the inclusion in one 
<pSV2 SFV(d-l)) of an intron and associated flanking sequences in the 
region encoding the 3' untranslated region of the transcripts initiating 
at the SV40 early promoter. It had been reported froa early experiments 
on the expression of cloned genes in cultured cells that the presence of 
an intron was essential to the stability of the transcript, although the 
exact position of this intron is unimportant (Hamer 4 Leder,1979). As 
further genes were expressed in cultured cells this was not found to be a 
general observation and for several genes the presence of an intron was 
unecessary (eg. Gethlng 4 Sambrook,1982) or led to lower or abberant 
expression at the protein level (Kondor-Koch et ai.1983). It was not clear 
whether there was a requirement for transcript processing for the 
expression of cloned genes in oocytes, so the Semllkl Forest Virus 
sequences were excised from both the plasmids received from Garoff to 
generate pSVi and pSV2 for testing as expression vectors in oocytes (see 
Fig.III.1).
Early experiments in this laboratory showed that the presence of an 
intron and/or its flanking regions reduced protein expression in oocytes. 
These results are described in Krieg et al(1984), see Appendix. cDHA 
encoding the secretory protein chick ovalbumin was cloned into the 
Hindlll site of pSVi and pSV2 and these recombinants were microinjected 
into the nucleus of Xenopus oocytes. The chick ovalbumin promoter itself 
does not function in oocytes (Vickens et ¿2,1980) but expression of 
ovalbumin was seen after injection of both pSVi and pSV2 containing 
ovalbumin cDHA; yet pSV2 elicited the production of more protein than 
pSVi. Therefore vectors which did not contain this small t intron region 
from SV40 were subsequently employed.
To compare the efficiency of expression from the SV40 early 
promoter with that of two other viral promoters, the region encoding the 
SV40 promoter was excised from pSV2 and replaced by a fragment 
containing the Herpes Simplex Virus thymidine kinase (TK) promoter or 
the long terminal repeat (LTR) of Moloney Murine Sarcoma Virus, giving 
the vectors pTK2 and pLTR2 respectively (see F ig .111.1). The Herpes 
Simplex Virus TK promoter had been reported to function well in oocytes
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Figure 111,2 Insertion of • lysozye* cDNA frignent into tht expression vector pTK*.
(») tUnipuWtion of lysozyee cDNA for insertion into pTK*. Chick lysozyae cONA «as 
obtained fro« the pBR322 dona pls)84, by excision of the PttI insert carrying the 
lysozyee sequence, To reeove the ends of the insert bearing the 6:C tails, a 47Sbp 
Rtil-Hitlll fragaent «as isolated as sho»n; this contained the entire coding region of 
lysozyae. Hindlll linkers »ere then added to this fragaent, which enabled Hindlll ends to 
be generated for insertion into the vector pTK*.
(b) The constructs obtained »hen this Hindi// lysozyae fragaent »as ligated into the 
Hindl/I-tut vector pTK* (described in Fig.111,1), The stippled area represents the 
lysozyae cDNA insert shown in (a),
(XcKnight & Kingsbury, 1982) and the LTR pronoter was known to be very 
active in mammalian cells (reviewed by Veiss et al, 1984).
III C. Expression of Lysozyme cDSA in Xenapus Qocvtes
The vectors pSV2, pTK2 and pLTR2, described above, were used to 
study the expression in oocytes of cDNA encoding lysozyme. This secretory 
protein with a cleaved N-terminal signal peptide (Palniter et ai,1977) 
was a suitable candidate for study in the context of the aims of this 
thesis. It was known from work carried out previously in this laboratory 
that lysozyme expressed from mRHA was processed and secreted well by 
oocytes (Cutler,1982). Antibodies to lysozyme had been raised for use in 
immunoprécipitation (Cutler,1982) and sequenced cDIA clones were also 
available (Jung et aj,1980; Land et al, 1981). A fragment containing the 
entire coding region of lysozyme cDIA (Fig.III.2a) was cloned into the 
three expression vectors, and those constructs in which the insert was in 
the ‘plus' orientation relative to the promoter were selected (see 
Flg.III.2b); these were designated pSV2Lys+, pTK2Lys+ and pLTR2Lys+ 
according to the vector used.
The constructs pSV2Lys+, pTK2Lys+ and pLTR2Lys+ were microinJected 
into the nuclei of Xenopus oocytes as supercolled plasmid DNA since 
circular DNA provides the best template for injection (Gurdon h 
Xelton,1981). The injected oocytes were then cultured in the presence of 
(“ Slmethionine and, after the medium had been collected (S fraction), the 
oocytes were homogenised and fractionated into a membrane fraction 
containing microsomes and other vesicles (X) and a soluble, cytosolic 
fraction (C), as described in the Xethods (section H.). Samples of the S, 
X, and C fractions were then immunopreclpitated with rabbit anti-chick 
lysozyme sera and the precipitated radlolabelled proteins were analysed 
by SDS-PAGE (see II.F).
The injection of pTK2Lys+ into oocytes resulted in good expression 
of lysozyme which was mostly secreted into the medium after the 24h 
incubation with (■’•Slmethionine (Fig.III.3). This result was consistent 
with the previous data from mRIA injection (Colman et aJ,1981; Cutler 
et aJ,1981; Cutler,1982 ), as was the unusual distribution of lysozyae 
between the C and X fractions within the oocyte, with apparently 
approximately equal amounts fractionating with the cytosol and vesicles. 
Generally on fractionation of oocytes expressing foreign secretory 
proteins, the protein found within the oocyte is in its signal-processed 
fora and ao6t is associated with the vesicle fraction; only a small 
amount of cleaved protein is found In the cytosolic fraction and this Is
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Figure 111,3 Expression of lysozyme cDNA in oocyte*
Oocytes were injected with pTKiLyst, pLTRjLys+ end pSV*Lys+, end cultured for 24h in 
(“ Slmethionine as described in the Materials 1 Methods, Oocytes were then fractionated 
into aeebrane (M) and cytosol (C) components, Saeples of the incubation media (S) froe 5 
oocytes and fractions M and C (representing 2.S oocytes) »ere then ieeunoprecipitated eith 
anti-lysozyme antibody and analysed by SDS-PA6E on a gel containing 12,51 polyacrylaeide 
(301 acrylamide:0,82SI bisacrylaeide) (see II,F), the dried gel »as exposed to preflashed 
1-ray file, ‘lys1 indicates the [’‘Cllysozyee present in the ,4C-labell»d earker proteins, 
The arrow »arks a band of similar »obility present only in the DNA injected oocytes, The 
additional bands seen in the S tracks are probably due to »icrobial contamination of the 
media.
thought to be due to leakage of translocated proteins from vesicles 
disrupted during homogenisation. The radiolabelled protein sequestered in 
microsomes can be subsequently chased out of the oocyte by newly 
synthesized unlabelled protein (Colman & Morser,1979). Investigations by 
Cutler (1982) showed that in the case of lysozyme, expressed from Injected 
mRHA, a significant proportion (approx. 151) of the lysozyme synthesized 
and processed by the oocyte was not available for secretion, but slowly 
entered a novel compartment of the oocyte which fractionated at high 
density on sucrose gradients.
Vhen one compares the expression in oocytes of lysozyme produced 
under the control of the TK promoter, the retroviral LTH and the SV40 
early promoter (see Fig. 111.3), it is clear that the use of the LTR and TK 
promoters enhances the expression of lysozyme relative to the SV40 early 
promoter which was present in the original vectors; the levels of 
expression achieved with pTKiLyst and pLTR»Lys+ are roughly comparable. 
Once again as much lysozyme is seen in the C fraction as in the X 
fraction of the oocyte and also the bulk of the lysozyme is secreted. The 
additional bands seen in the S tracks in Fig.III.3 are probably due to 
microbial contamination of the media as they were also present in the S 
fraction of uninjected oocytes; they were not seen on other occasions 
when lysozyme cDIA was expressed in Xenopus oocytes (ie see Fig. 111.7). 
The signal peptide appears to have been processed from the lysozyme 
immunoprecipitated in the K, S and C oocyte fractions as judged by 
comigration of these protein bands with the lysozyme in the molecular 
weight markers.
These results and those with ovalbumin (see Krieg et al, 1984 in 
Appendix) show these recombinant vectors, particularly pTKz and pLTRj 
are suitable for expressing cDXA encoding secretory proteins in oocytes, 
giving a distribution of the foreign protein analogous to that seen 
following injection of the mRIA.
HID. Secretion by Oocytes of Prochvmosln Translated from In tec ted mRIA
As a result of collaborative work carried out between Dr. Alan 
Colman and a group at Celltech Ltd. we obtained in this laboratory mRIA, 
sequenced cDKA clones, and antibodies for another eukaryotic protein 
preprochymosln; which is presumed to be a secretory protein as it 
functions extracellularly as a digestive enzyme in the fourth stomach, or 
abomasum, of unweaned calves (see Introduction D). Furthermore, sequencing 
of cDIA clones (Harris et al,1982; loir et al. 1982) showed that the mRIA 
encodes a precursor with a I-termlnal extension relative to the zymogen
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Figure III,3 Expression of lysozyne cONA in oocytes
Oocytes »ere injected with pTKjLys+, pLTRiLys» end pSV»Lys+, »nd cultured for 24h in 
("Sleethiomne as described in the Materials l Methods, Oocytes were then fractionated 
into »eabrane (M) and cytosol (C) components, Saeples of the incubation eedia (S) fro* 5 
oocytes and fractions M and C (representing 2,5 oocytes) »ere then ieeunoprecipitated »ith 
anti-lysozyme antibody and analysed by SDS-PA6E on a gel containing 12,51 polyacrylaeide 
(301 acrylaeide:0,6251 bisacrylaeide) (see II,F), the dried gel »as exposed to preflashed 
J-ray file, 'lys' indicates the t,4C]lysozyse present in the '»(¡-labelled earker proteins, 
The arro» «arks a band of siailar mobility present only in the ONA injected oocytes, The 
additional bands seen in the S tracks are probably due to microbial contamination of the 
media.
thought to be due to leakage of translocated proteins from vesicles 
disrupted during homogenisation. The radiolabelled protein sequestered in 
microsomes can be subsequently chased out of the oocyte by newly 
synthesized unlabelled protein (Colman 4 Morser ,1979). Investigations by 
Cutler (1982) showed that in the case of lysozyme, expressed from injected 
mRHA, a significant proportion (approx. 15%) of the lysozyme synthesized 
and processed by the oocyte was not available for secretion, but slowly 
entered a novel compartment of the oocyte which fractionated at high 
density on sucrose gradients.
When one compares the expression in oocytes of lysozyme produced 
under the control of the TK promoter, the retroviral LTR and the SV40 
early promoter (see Fig.III.3), it is clear that the use of the LTR and TK 
promoters enhances the expression of lysozyme relative to the SV40 early 
promoter which was present in the original vectors; the levels of 
expression achieved with pTKaLys+ and pLTRaLys+ are roughly comparable. 
Once again as much lysozyme is seen in the C fraction as in the H 
fraction of the oocyte and also the bulk of the lysozyme is secreted. The 
additional bands seen in the S tracks in Fig.III.3 are probably due to 
microbial contamination of the media as they were also present in the S 
fraction of uninjected oocytes; they were not seen on other occasions 
when lysozyme cDHA was expressed in Xenopus oocytes (ie see Fig.III.7). 
The signal peptide appears to have been processed from the lysozyme 
immunoprecipitated in the M, S and C oocyte fractions as judged by 
comigration of these protein bands with the lysozyme in the molecular 
weight markers.
These results and those with ovalbumin (see Krieg et ai,1984 in 
Appendix) show these recombinant vectors, particularly pTK* and pLTRj 
are suitable for expressing cDHA encoding secretory proteins in oocytes, 
giving a distribution of the foreign protein analogous to that seen 
following injection of the mRHA.
Ill.D. Secretion by Oocytes of Prochymosin Translated from Injected mRHA
As a result of collaborative work carried out between Dr. Alan 
Colman and a group at Celltech Ltd. we obtained in this laboratory mRHA, 
sequenced cDHA clones, and antibodies for another eukaryotic protein 
preprochymosln; which is presumed to be a secretory protein as it 
functions extracellularly as a digestive enzyme in the fourth stomach, or 
abomasum, of unweaned calves (see Introduction D). Furthermore, sequencing 
of cDHA clones (Harris et a!,1982; Moir et al. 1982) showed that the mRHA 
encodes a precursor with a H-termlnal extension relative to the zymogen
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prochymosin; this 16 amino acid extension has a structure similar to 
other signal peptides and was presumed to be the signal sequence for 
translocation.
Experiments carried out by Alan Colman at Warwick demonstrated that 
injection into oocytes of polyA RIA extracted from the mucosal layer of 
the abomasum of calves resulted in the expression and secretion of a 
protein with the characteristics of prochymosin (see Krieg et al, 1904 in 
Appendix). The preprochymosin mRHA expressed a protein which was 
precipitated by antibodies to calf prochymosin and showed the same 
mobility on SDS-PAGE as authentic prochymosin. In common with 
observations on the expression in oocytes of proinsulin (Rapoport,1981> 
and promelittln (Lane et al, 1981 >, the prochymosin zymogen is not 
processed to its active form, chymosin, by the oocyte. This is not 
surprising since this cleavage is an autocatalytic process occurring at 
pH<4.0, and is induced in the acidic environment of the calf's abomasum. 
The prochymosin secreted by oocytes was partially cleaved on
acidification of the medium which had surrounded the injected oocytes, 
giving a polypeptide immunoprecipitated by prochymosin antisera which 
migrated as authentic chymosin on SDS-PAGE. As this work showed that 
preprochymosin is secreted by oocytes it was decided to test the 
expression of this secretory protein from cDIA inserted into the vector 
pTKi, to compare with lysozyme; since the availability of mRBA, cDIA and 
antibodies provided material necessary for the objective of generating 
signal sequence mutants for study in vivo and in vitro.
Further studies on the expression of preprochymosln mRIA in oocytes 
and in vitro are presented in Chapter IV.
III.E. Oocyte Expression of cDlAs Encoding Preprochynosln. Prochyaosin 
and Chynostn
III.E.1 Claming of Chymasin cDIAs into the Expression Vector pTIa
The Celltech group had isolated and sequenced a full-length cDIA 
clone of preprochymosin (Harris et al,1982). The sequence data indicated 
that this cDIA represented the preprochymosln B gene (see Introduction 
I.D). Two derivatives of the preprochymosin cDIA had been constructed by 
Celltech and their collaborators for use in expression studies in bacteria 
and yeast (Emtage et al, 1983; Nellor et al, 1983; described in sections 
I.D.3 *4); these encoded aethlonyl-prochymosln and aethlonyl-chymosin 
polypeptides, and their structure is shown in Figure III.4 compared with 
the full-length preprochymoeln cDIA. The expression in oocytes of the
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Figure III.5 HanipuUtion of chyaotin tONAa and inaartion into pTKj
(•) After filling in the receaaed enda of tel/ fregeenta (deacribed in Fig.IlI.4b) 
encoding eethionyl*chyaoain (Chy), eethionyl-prochyeoain (PChy) or preprochyeoein (PPChy), 
shown aa atippled boxea, Hindlll linkera «ere then added to each blunt ended fragaent, 
Theae tinkered fragaenta «ere digeated «ith HindlH and ligated into the phoaphataae 
treated Hindlll cut vector pTKa, uaing aethoda deacribed in II.B.
(b) The recoabinant pTKaPPChy», encoding preprochyaoain, «aa reconnected froa pTK2PChy+ 
and the autant pTKaPPChyv* using the strategy indicated in the figure and techniques 
deacribed in the Hateriala I Methods (section II.B).
preprochymosin cDIA cloned into pTK2 would provide information on the 
behaviour of a second secretory protein with a cleaved signal in this 
cDIA expression system; and preprochymosin could prove more suitable 
than lysozyme for the proposed signal sequence mutagenesis studies. In 
this context it was of interest to also characterise the expression and 
localisation in oocytes of the two other chymosin cDIA constructs which 
lacked the signal sequence region. In the absence of the signal peptide 
prochymosin and chymosin are expected to exhibit a nonsegregating 
phenotype and remain cytosolic, and this is the anticipated localisation 
of mutant preprochymosin molecules with a functionally defective signal 
sequence.
All three chymosin cDIA variants were obtained from Celltech as 
Bell restriction fragments (see Fig.III.4) and these were cloned into the 
Hlndlll site of pTKa using the strategy outlined in Figure III.5a and 
techniques described in the Materials 4 Methods. Plasmids containing each 
of the different chymosin cDIA constructs in the 'plus' orientation 
relative to the TK promoter (see Fig.III.2b) were selected; these were 
designated pTK2PPChy+, pTKaPChyt and pTKaChyt and encoded 
preprochymosin, prochymosin and chymo6ln respectively. The initial 
cloning of the 'PPChy' insert, encoding preprochymosin, proved abberant as 
the Hlndlll site downstream of the insert was missing, this abberant 
plasmid was designated pTKaPPChyt*. Since it would be necessary to be 
able to excise the preprochymosin Insert for manipulation pTK2PPChy+ was 
reconstructed from pTK2PChy+ and pTK2PPChy+* as shown in Figure 111.5b.
111.E.2. Expression of Chymoein cDIA Constructs in Oocytes
The recombinants pTK2PPChy+, pTK2PChy+ and pTK2Chy+ were injected 
into oocyte nuclei and the injected oocytes were labelled and fractionated 
as described earlier (II. H). Samples of the oocyte fractions were 
lmnunopreclpitated with prochymosin antisera raised at Celltech, apCcv, 
and the precipitated proteins were analysed by SDS-PAGE. In agreement 
with the results obtained with preprochymosin mRIA, described in III.D, 
injection of pTK2PPChy+ DIA, encoding preprochymosin, gave good 
expression of a protein which is secreted by the oocyte and is 
precipitated by apCcr (Fig. 111.6a). Within the oocyte nost prochymosin is 
segregated in the nembrane fraction and only a small amount of 
ianunospeciflc protein is seen in the cytosol fraction; this is consistent 
with the behaviour of most other foreign secretory proteins in Xmnopus 
oocytes (Colnan A Morser,1979; as discussed in III.C) and is in contrast 
to the anomalous distribution observed on expression of lysozyne cDIA
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Figure III,6 Expression of thyeosin tONAs in oocytes
The constructs pTK2PPChy+ (encoding preprochysosin) end pTK*PChy+ (encoding sethionyl- 
prochysosin) (described in Figs,HI.4 4 5) »ere injected into oocytes »hich «ere cultured 
end processed *s described in Fig,III.3 except thet enti-prochyeosin sere (epCcr, see 11,A 
4 II,G) «ss used for the ieeunoprecipiteting the oocyte fractions.
and mRBA in oocytes. As expected the polypeptide expressed from the PChy 
cDBA insert, encoding Met-prochymosin, was only found in the cytosol 
fraction of the oocyte and it showed the sane nigration on PAGE as the 
pTK2PPChy+ product (Fig.III.6b). But expression iron pTK2PChy+ was very 
poor and was only ever seen in experinents where the expression iron 
pTK2PPChy+ was very high. It was thought that this low expression may be 
due to poor stability of the prochynosin in the cytosol conpartnent 
where it is not usually localised. On no occasion was any 
chynosin-specific peptide detected iron pTK2Chy+ which suggests that the 
chynosin polypeptide encoded by the 'Chy' Insert is unstable in oocytes. 
Evidence is presented later that this insert is capable of producing a 
translation product in vitro (Chapter V).
It should be noted that the sequences flanking the initiation codon 
in the three cDBA fragments is not the same, and in the PChy A Chy 
constructs this region differs from the sequence of the preprochymosin 
cDIA (see Flg.III.4). It is known that the translational efficiency from
an initiation codon can be affected by its flanking sequences as well as
its position (Kozak,1983b and 1984). Proa an analysis of sequences 
upstream from the translational start site in 211 eukaryotic mRBAs Kozak 
derived a consensus sequence for eukaryotic initiator sites of
CC“/QCCAOGG; although she comments that there is quite a variation in the 
extent to which a given mRBA matches the -1 to -5 consensus, and notes 
that few of the aRIAs studied conformed perfectly (Kozak,1983b). In this 
context the sequence around the initiation codon in the PPChy cDBA is 
CAAGGATGG, which matches the consensus sequence at positions -3 and -5 
to the initiation ATG. However both the PChy and Chy cDIAs have the 
sequence GATCAATGG in which none of the -1 to -5 bases match the
consensus sequence, so it is likely that this is a poor ribosome binding 
site which may contribute to the poor expression of the PChy and Chy 
cDHAs in the Xenopus oocyte.
The results we obtained with the PPChy, PChy and Chy cDBAs 
expressed in the oocyte are in contrast to the work by Nellor et ai( 1983) 
on the expression of these same inserts in another eukaryotic system, 
yeast (described in I.D.4). Unlike the localisation observed in Xenopus 
oocytes the chyaosln variants did not display their expected
coapartmentatlon in yeast. The prochymosln expressed from preprochymosin 
cDBA in yeast was not secreted but was associated with the cell wall. 
Chymosln-speclflc peptides were also expressed from both the 
Xet-prochyaosln and Net-chymosln cDIAs but these too were not detected 
in the cytoplasm and were associated with the yeast cell wall. In
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Figure III.6 Expression of chyeosin cDNAs in oocytes
The constructs pTIGPPChy+ (encoding preprochysosin) end pTK2PChy+ (encoding »ethionyl- 
prochysosin) (described in Figs. 111,4 4 S) were injected into oocytes which were cultured 
end processed *s described in Fig,III.3 except thet enti-prochyeosin sere (apCct, see II.A 
4 11,6) wes used for the ieeunoprecipiteting the oocyte frections,
and mRBA in oocytes. As expected the polypeptide expressed from the PChy 
cDHA insert, encoding Met-prochymosin, was only found in the cytosol 
fraction of the oocyte and it showed the same migration on PAGE as the 
pTK2PPChy+ product (Fig.III.6b>. But expression from pTKaPChy+ was very 
poor and was only ever seen in experiments where the expression from 
pTK2PPChy+ was very high. It was thought that this low expression may be 
due to poor stability of the prochymosin in the cytosol compartment 
where it is not usually localised. On no occasion was any
chymosln-specific peptide detected from pTK2Chy+ which suggests that the 
chymosin polypeptide encoded by the ’Chy' insert is unstable in oocytes. 
Evidence is presented later that this insert is capable of producing a 
translation product in vitro (Chapter V).
It should be noted that the sequences flanking the initiation codon 
in the three cDBA fragments is not the same, and in the PChy a Chy 
constructs this region differs from the sequence of the preprochymosin 
cDIA (see Fig.III.4). It is known that the translational efficiency from 
an initiation codon can be affected by its flanking sequences as well as 
its position (Kozak,1983b and 1984). From an analysis of sequences 
upstream from the translational start site in 211 eukaryotic mRBAs Kozak 
derived a consensus sequence for eukaryotic initiator sites of 
CC'VqCCAUGG; although she comments that there is quite a variation in the 
extent to which a given mRBA matches the -1 to -5 consensus, and notes 
that few of the mRBAs studied conformed perfectly (Kozak,1983b). In this 
context the sequence around the initiation codon in the PPChy cDBA is 
CAAGGATGG, which matches the consensus sequence at positions -3 and -5 
to the initiation ATG. However both the PChy and Chy cDHAs have the 
sequence GATCAATGG in which none of the -1 to -5 bases match the 
consensus sequence, so it is likely that this is a poor ribosome binding 
site which may contribute to the poor expression of the PChy and Chy 
cDBAs in the Xenopus oocyte.
The results we obtained with the PPChy, PChy and Chy cDBAs 
expressed in the oocyte are in contrast to the work by Hellor et aU 1983) 
on the expression of these same inserts in another eukaryotic system, 
yeast (described in I.D.4). Unlike the localisation observed in Xenopus 
oocytes the chymosin variants did not display their expected
compartmentatlon in yeast. The prochymosin expressed from preprochymosin 
cDIA in yeast was not secreted but was associated with the cell wall. 
Chymosln-specific peptides were also expressed from both the
Met-prochymosln and Met-chymosln cDBAs but these too were not detected 
in the cytoplasm and were associated with the yeast cell wall. In
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addition when Goff et al(1984) expressed a Met-prochymosin construct in 
yeast they too found the prochymosin was not freely soluble in the 
cytoplasm, while prochymosin expressed in E.coli appeared to be localised 
in cell membranes (Emtage et aj,1983; Hishimori et al, 1982b).
While Mellor et al did detect a translation product in yeast from 
the Met-chymosin insert its expression was very poor and over tenfold 
more immunospecific product was obtained from the insert encoding 
preprochymosln. In contrast to the relative levels of protein expression 
seen in oocytes, the Met-prochymosin cDHA gave the best expression in 
yeast, fivefold better than the preprochymosin cDHA. Mellor et al found 
the differences in levels of expression from the three constructs was not 
a consequence of differences in amounts of chymosin-specific RHA. They 
also comment that the low levels of chymosin detected from the 
Met-chymosin cDHA in yeast may reflect the observed instability of 
authentic chymosin at pH>5.0; this may also account for our inability to 
detect any chymosin in oocytes following injection of pTfeChyt.
It appears that, unlike yeast, the Xenopus oocyte provides a 
eukaryotic system in which the preprochymosin cDHA displays its expected 
secretory phenotype. Furthermore the results described in this section 
also demonstrate that a secretory protein which lacks its signal peptide 
will not be translocated in the oocyte, although such a nonsegregating 
polypeptide can be unstable in the cytosol and it may not necessarily be 
possible to detect the protein at all in the oocyte. The implications of 
these findings to the objectives of this project are discussed later 
(III.G).
III.F. Comparison of the Expression of Prelysozyme and Preprochymosin
cDIA In Oocytes
To provide a direct comparison of the expression of cDHA encoding 
the two secretory proteins, lysozyme and prochymosin, the constructs 
pTKiLyst and pTKïPPChyt were coinjected into oocytes in similar amounts; 
this avoids any effect of the noted variation in the translational 
response to injected DHA of different batches of oocytes (Colman, 1984b). 
The injected oocytes were incubated with [,,S)methionine, fractionated and 
analysed as before, except that in these experiments one set of samples 
of the C, M ft S fractions were lmmunopreclpltated with apCct and a 
duplicate set were precipitated with the anti-lysozyme sera. These 
colnjectlon experiments highlighted several differences in the expression 
and compartmentallsatlon of these two secretory proteins.
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Figure 111,7 Synthesis of lysozyae end prochyaosin in oocytes after coinjection of DNA 
Oocytes were injected with a aixture of equal aaounts of the constructs pIKiPPChy-r 
(encoding preprochyaosin) and pTK*Lys+ (encoding prelysozyae). They were then cultured and 
analysed as in Fig,III,3 except that one set of saaples of the oocyte fractions were 
iaaunoprecipitated with antiprochyaosin sera (apCcr) and a duplicate set with
anti-lysozyae (clys), The aeabrane 01) and cytosol (C) fraction tracks represent 2,5 
oocytes and the secreted protein track (S) 5 oocytes, 'preLys' aarks the expected position 
on this gel of a polypeptide with the eolecular weight of unprocessed prelysozyae 
(H,»16,200),
Firstly it was observed from a number of experiments that 
pTK2PPChy+ was always well expressed and consistently gave better 
expression than pTK2Lys+, while the expression of lysozyme showed more 
susceptibility to the batch variation of the oocytes, noted above. The 
different distribution of the two proteins between the C, M l  S fractions 
of the injected oocytes is clear (Fig.III.7). As before lysozyme is well 
secreted by the oocytes, and within the oocyte more lysozyme is 
associated with the cytosol fraction than with the membrane fraction. In 
comparison to the con^artmentation observed for lysozyme, less of the 
prochymosin expressed from pTK2PPChy+ in the same oocytes is secreted 
over the same time period, and more prochymosin is detected in the X 
fraction than in the C fraction (bearing in mind that in Fig.III.7 the S 
track represents twice as many oocytes as the C 4 X tracks). Different 
rates of secretion of foreign secretory proteins from oocytes has been 
observed previously by Cutler et al(1981). In that instance more detailed 
study showed the intrinsic rate of lysozyme secretion from oocytes was 
12 times that of ovalbumin, following injection of chick oviduct mRSA 
which encodes both proteins, and that the differential rates of transport 
were not a consequence of competition for either Xencrpus or avian 
factors. It appears from these results with oviduct mRXA and those 
presented in this chapter that lysozyme is particularly efficiently 
secreted by oocytes compared with other secretory proteins; however these 
too may display differential rates of secretion. Such non-parallel 
kinetics of secretion argues against bulk intracellular transport of 
proteins destined for export as the sole means by which proteins are 
transported to the cell surface for secretion from Xeaopus oocytes; but 
the basis for the different rates of intracellular transport is not known.
The localisation of most prochymosin within the oocyte in the 
vesicle fraction is as expected and, as noted earlier, it can be argued 
that the prochymosin detected in the cytosol fraction is due to the crude 
fractionation procedure used, which disrupts some of the microsomal 
vesicles. However the relative proportions of prochymosin in the C and X 
fractions provides an internal reference against which to compare the 
abnormally large amounts of (apparently processed) lysozyme found in the 
cytosolic fraction. Hence the large proportion of cytosolic lysozyme 
cannot Just be due to leakage from ER microsomal vesicles disrupted 
during fractionation, in the same way as the prochymosin seen in the 
cytosol fraction. It is possible, however, that the lysozyme associated 
with the cytosol fraction of the oocyte was sequestered in a 
membrane-bound 'compartment', distinct from the ER, and this unidentified
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F ig u re  1 1 1 ,7  S y n th e s is  o f  ly s o z y n e  and  p ro c h y e o s in  in  o o c y te s  a f t e r  c o in je c t io n  o f DNA 
O o cy te s  « e r e  in je c t e d  w i t h  a a i x t u r e  o f e q u a l a a o u n ts  o f t h e  c o n s t r u c ts  pTK jPPC hy+  
(e n c o d in g  p re p ro c h y a o s in )  and pTK 2 l y s +  (e n c o d in g  p r e ly s o z y e e ) , T he y  w e re  th e n  c u l t u r e d  and 
a n a ly s e d  as  in  F i g , I I I , 3 e x c e p t t h a t  one s e t  o f  s a a p le s  o f th e  o o c y te  f r a c t i o n s  w e re  
in a u n o p r e c ip i t a te d  w i t h  a n t ip r o c h y a o s in  s e ra  (a p C c r) and  a d u p l ic a t e  s e t  w i t h  
a n t i- ly s o z y a e  ( e l y s ) .  The  a e a b ra n e  (M ) and  c y to s o l (C ) f r a c t i o n  t r a c k s  r e p r e s e n t  2 ,5  
o o c y te s  and  th e  s e c re te d  p r o t e in  t r a c k  (S )  5 o o c y te s ,  ' p r e L y s 1 a a r k s  th e  e x p e c te d  p o s i t io n  
on t h i s  g e l o f a p o ly p e p t id e  w i t h  th e  a o le c u la r  w e ig h t  o f  u n p ro c e s s e d  p re ly s o z y a e
(M r« 1 6 ,2 0 0 ) ,
Firstly it was observed from a number of experiments that 
pTK2PPChy+ was always well expressed and consistently gave better 
expression than pTK2Lys+, while the expression of lysozyme showed more 
susceptibility to the batch variation of the oocytes, noted above. The 
different distribution of the two proteins between the C, M 4 S fractions 
of the injected oocytes is clear (Fig.III.7). As before lysozyme is well 
secreted by the oocytes, and within the oocyte more lysozyme is 
associated with the cytosol fraction than with the membrane fraction. In 
comparison to the con^brtmentation observed for lysozyme, less of the 
prochymosin expressed from pTKzPPChy+ in the same oocytes is secreted 
over the same time period, and more prochymosin is detected in the M 
fraction than in the C fraction (bearing in mind that in Fig.III.7 the S 
track represents twice as many oocytes as the C A M  tracks). Different 
rates of secretion of foreign secretory proteins from oocytes has been 
observed previously by Cutler et al(1981). In that instance more detailed 
study showed the intrinsic rate of lysozyme secretion from oocytes was 
12 times that of ovalbumin, following injection of chick oviduct mRBA 
which encodes both proteins, and that the differential rates of transport 
were not a consequence of competition for either Xenopus or avian 
factors. It appears from these results with oviduct mRBA and those 
presented in this chapter that lysozyme is particularly efficiently 
secreted by oocytes compared with other secretory proteins; however these 
too may display differential rates of secretion. Such non-parallel 
kinetics of secretion argues against bulk intracellular transport of 
proteins destined for export as the sole means by which proteins are 
transported to the cell surface for secretion from Xenopus oocytes; but 
the basis for the different rates of intracellular transport is not known.
The localisation of most prochymosin within the oocyte in the 
vesicle fraction is as expected and, as noted earlier, it can be argued 
that the prochymosin detected in the cytosol fraction is due to the crude 
fractionation procedure used, which disrupts some of the microsomal 
vesicles. However the relative proportions of prochymosin in the C and M 
fractions provides an internal reference against which to compare the 
abnormally large amounts of (apparently processed) lysozyme found in the 
cytosolic fraction. Hence the large proportion of cytosolic lysozyme 
cannot Just be due to leakage from ER microsomal vesicles disrupted 
during fractionation, in the same way as the prochymosin seen in the 
cytosol fraction. It is possible, however, that the lysozyme associated 
with the cytosol fraction of the oocyte was sequestered in a 
membrane-bound 'compartment', distinct from the ER, and this unidentified
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compartment is particularly fragile and does not remain intact in the 
crude fractionation procedure.
The signal peptide has apparently been cleaved from the lysozyme 
detected in the oocyte fractions as Judged by its migration to the same 
position as the lysozyme in the marker track (Kr = 14,300), and its greater 
mobility than that expected of prelysozyme <Mr=16,200), see Fig.III.7. The 
resolution of the gel in Fig.III.7 is insufficient to make a similar 
assessment as to whether the major protein immunoprecipitated by 
antiprochymosin has a mobility consistent with prochymosin (40,800) or 
preprochymosin (42,600). Evidence is presented later that both the 
lysozyme and prochymosin proteins encoded by the Lys and PPChy inserts 
are processed relative to their respective precursor forms when expressed 
in oocytes (see Chapters V & VI).
III.G. Discussion
As a prerequisite to the site specific mutagenesis of cDHA encoding 
the signal sequence of a eukaryotic secretory protein it was necessary to 
demonstrate that the wild-type cDIA expressed a protein that was 
correctly compartmented in Xenopus oocytes, which was to be the In vivo 
assay system employed initially to characterise the translocation 
phenotype of signal sequence mutants. The results described in this 
chapter establish that cDIAs encoding two secretory proteins, lysozyme 
and prochymosin, cloned into the vector pTK2 were expressed after 
injection into oocyte nuclei, and the foreign proteins showed the same 
compartmentatlon pattern they exhibit following cytoplasmic injection of 
the corresponding mKIAs. Although lysozyme was very efficiently secreted 
from oocytes, the expression of pTK2Lys+ was quite variable in different 
batches of oocytes and resulted in an unusual compartmentation of 
lysozyme in the cytosolic fraction of the injected oocytes. This could 
complicate analysis of the effect of signal sequence mutations of 
lysozyme on translocation. The construct pTKaPPChyt, encoding
preprochymosin, gave better and more consistent expression; the 
prochymosin expressed displayed the usual fractionation pattern in the 
oocyte observed for mo6t foreign secretory proteins and, although less 
efficiently secreted than lysozyme, it was readily detected in medium 
surrounding injected oocytes. These considerations suggest that 
preprochymosin may be a better choice than prelysozyme for the intended 
mutagenesis studies.
In this context the expression in oocytes of pTK*PChy+, which 
contains cDIA encoding methlonyl-prochymosln, showed that the absence of
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the signal peptide prevents the translocation of prochymosin in oocytes 
and the protein remains in the cytosol. However this plasmid gave 
poor expression, and no chymosin-specif ic product was detected from 
pTK2Chy+, encoding methionyl-chymosin. A similar situation was 
encountered in our work towards identifying the signal sequence region of 
ovalbumin, using the oocyte as an assay system for mutated ovalbumin 
cDHAs (outlined briefly in I.E. and see Tabe et al,1984 in Appendix). In 
this case one construct, lacking codons 20 to 145, resulted in the
expression in oocytes of a truncated ovalbumin which was localised
exclusively in the cyosol, and hence this mutant must lack a functional 
signal sequence. However for another mutant, in which the first 40 amino 
acid residues of ovalbumin were deleted, although transcripts were 
detected from this construct no protein was immunoprecipltated from the 
injected oocytes by anti-ovalbumin sera. These observations raised a 
number of points to be considered in using the Xenopus oocyte as an
assay system to characterise the translocation phenotype of signal
sequence mutants of preprochymosin. The results of this chapter imply 
that a nonsegregated preprochymosin may be unstable in the oocyte 
cytosol and the protein may not be detected at all following injection of 
the mutated cDHA. If no chymosin-specif ic polypeptide were detected it 
would raise the question of whether the cDHA had been expressed but the 
protein rapidly degraded in the cytoplasm, or the mutagenesis had 
affected sequences involved in translational signals. This latter 
situation could occur if methods were used in which the 5' untranslated 
sequence as well as the signal sequence in the preprochymosin cDHA were 
exposed to mutagenesis (see Chapter VII). Therefore in vitro systems may 
need to be adopted to determine if a particular mutant which is not 
detected in the oocyte is translated, but carries a mutation which 
prevents its translocation. As described earlier (I.E and at the beginning 
of this chapter) it is Intended to use in vitro systems in the 
characterisation of signal sequence mutants. It is anticipated, however, 
that those proteins which are translocated will be detected following 
expression of the mutated preprochymosin cDHA in the oocyte, and these 
will be secreted.
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IIII.H. Summary
Plasmids derived from pBR/SV40 'shuttle' vectors constructed by 
Mulligan & Berg(1980) were used as vectors for the expression of cDNAs 
encoding eukaryotic secretory proteins in Xenopus oocytes. It was found 
that the TK promoter and a retroviral LTR gave better expression of 
lysozyme cDNA than the original SV40 early promoter. The vector pTK2, 
which contained the TK promoter of Herpes Simplex Virus and lacked an 
SV40 intron, was selected for further studies.
With a view to selecting a eukaryotic secretory protein for studies 
on the effect of mutagenesis of the signal sequence on translocation, a 
study was made of the expression in oocytes of cDNA encoding 
preprochymosin and prelysozyme, cloned into pTK2; and the 
compartmentation of these proteins was characterised. Both proteins were 
secreted from oocytes. Whereas prochymosin fractionated as expected 
mainly with the membranes and vesicles within the oocyte, more lysozyme 
was found in the cytosolic compartment than in the membrane fraction; 
this was consistent with published results of the injection of lysozyme 
mRHA into oocytes (Cutler et al, 1981). However the expression of 
preprochymosin cDNA in yeast (Mellor et aJ, 1983) had been reported not to 
result in the secretion of prochymosin.
Injection of cDNA encoding prochymosin without its signal sequence 
resulted in the synthesis of prochymosin protein which was exclusively 
localised in the oocyte cytosol. This is in contrast to published reports 
of the expression of prochymosin cDNA constructs in other In vivo 
systems which observe the prochymosin was not located in the cytoplasm 
but was associated with cell membranes (Emtage et al, 1983; Goff
et ¿1,1984; Mellor et aJ,1983; Nishimori et al, 1982b). No chymosin-specific 
polypeptide was detected in oocytes from another construct derived from 
preprochymosin cDNA, which also lacked the signal sequence and encoded a 
methionyl-chymosin polypeptide.
This oocyte coupled transcription-translation assay for cloned 
cDNAs, and the compartmentation of their translation products, was also 
used in this laboratory in a project to identify the region of ovalbumin 
which functions as the signal sequence. This work, in which I was also 
involved, is described in Tabe et al(1984) which is included in the 
Appendix.
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-RESULTS » DISCUSSIOI-
IY. PROCESS IB G QF PREPRQCHYMQSIH__EXPRESSED FROM mRHA IB XEHOPUS
OOCYTES AHD IN VITRO
IV.A. Introduction
Since it was decided that preprochymosin was a suitable candidate 
for the proposed signal sequence mutagenesis, further studies were made 
of the segregation of the wild-type protein, using preprochymosin mRBA 
which could be expressed in the oocyte and also in vitro. Prior to the 
SP6 transcription system becoming available the preprochymosin mRHA 
provided a means of characterizing the translation and translocation of 
wild-type preprochymosin in cell-free systems, which would later be used 
to analyse the translocation of signal sequence mutants. It was 
particularly hoped to demonstrate that, in common with almost all other 
eukaryotic secretory proteins, the signal peptide of preprochymosin is 
processed on translocation of the precursor in vitro and in vivo.
The presence of a transient H-terminal signal sequence for 
prochymosin has been implied from the following experimental 
observations. As described in the Introduction (I.D.) the nucleotide 
sequence of cDHA copies of the mRHA shows that after the initiation ATG 
there are another 15 codons before the mRHA encodes the known amino acid 
sequence of prochymosin, which has been determined by sequencing the 
protein isolated from calf stomachs (Foltmann et al, 1977; Harris 
et al,1982; Moir et al, 1982). It was anticipated, therefore, that the 
primary translation product from the mRHA would be a precursor, 
preprochymosin, with an expected molecular weight of 42.5K as compared 
with the molecular weight of prochymosin, 40.8K, calculated from the 
amino acid sequence. Several groups have studied the expression in vitro 
of polyA RHA extracted from calf abomasum <Hishimorl et al, 1981; Harris 
et aj,1982; Moir et al, 1982; Hicholson & Jones,1984; McConnell et al, 1984) 
and found that it produced one major polypeptide, which is precipitated 
by antibodies to prochymosin, and had an apparent molecular weight from 
SDS-PAGE variously estimated to be between 40K and 43K. This was assumed 
to be the precursor preprochymosin from which the signal sequence would 
be processed on cotranslational translocation across ER membranes. 
However none of the above groups have actually shown this to be the case 
using in vitro translation in the presence of microsomes. Also the 
protein expressed in yeast from cloned preprochymosin cDHA (Mellor 
et aJ,1983), which was thought to be prochymosin and was associated with 
membranes (but not secreted - see III.B.), was not shown experimentally
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to be processed compared with the putative full-length precursor seen in 
in vitro translations of the mRHA. The initial experiments carried out in 
this laboratory on the expression of preprochymosin mRHA (described 
earlier, III.D.), showed that following injection of polyA RHA from calf 
abomasum into oocytes a protein was secreted with the characteristics of 
prochymosin. Unless prochymosin is post-translationally modified in 
oocytes then the secreted prochymosin should be smaller than the primary 
translation product of the mRHA. However, in these experiments there was 
no detectable size difference on SDS-PAGE between the polypeptide 
produced by in vitro translation of preprochymosin mRHA and that 
segregated and secreted by injected oocytes (Krieg et al, 1984). Similarly 
the experiments described on the expression of cloned chymosin genes in 
the oocyte (III.E. 4 F.) did not rigorously show that the product secreted 
from oocytes injected with pTK2PPChy+ (which encodes preprochymosin) was 
the processed prochymosin. As noted earlier (I.D. 4 III.E.), published 
reports on the expression of cDHA encoding prochymosin without its 
signal sequence, suggested that this signal-minus polypeptide contained a 
topogenic sequence which directed its association with membranes in 
E.coli and in yeast (Hishimori et al, 1982b; Emtage et al, 1983; Mellor 
et al,1983; Goff et aJ,1984); although work presented in this thesis 
(III.E.) showed that in oocytes injection of a cDHA encoding methionyl- 
prochymosin resulted in the expression of a prochymosin protein localised 
only in the cytoplasm.
It was important to resolve these discrepancies and demonstrate 
that the precursor form of prochymosin encoded by the mRHA does contain 
a signal sequence which is cleaved on translocation across ER membranes, 
as expected and in common with all eukaryotic secretory proteins 
examined to date, with the already noted exception of ovalbumin (Palmiter 
et al, 1978; Lingappa et al,1978b; see I.E.). In terms of characterizing the 
effect on translocation of introducing site-specific mutations into the 
preprochymosin signal sequence the demonstration of signal cleavage 
provides a useful Indicator for at least the initiation of translocation. 
Although it is noted that it is possible that the introduction of 
mutations towards the end of the signal sequence could destroy the signal 
peptidase recognition site and abolish processing without preventing the 
initiation of translocation (Hortin 4 Boime 1980 and 1981; Schauer 
et al,1985; Perlman 4 Halvorson.1983; Von Heijne,1983 and 198*a; discussed 
in the Introduction, see I.A.2 and I.B.3).
It was therefore necessary to examine whether the signal sequence of 
preprochymosin is cleaved by the oocyte and by in vitro translocation
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systems. Owing to the unexpected results obtained in characterizing the 
processing of preprochymosin expressed from the mRHA, the experiments 
presented in this chapter were carried out over an extended period; 
during which time the SP6 transcription system became available in this 
laboratory. Although synthetic SP6 RBAs were used in experiments included 
here the SP6 system will be introduced and described in the next 
chapter(V); together with further experiments on the expression of SP6 
RIAs derived from the chymosin cDIAs.
IV.B. Processing of Preprochyaosia in Xeaapus Qacytes
Oocytes were injected with preprochymosin mRIA, then labelled with 
C3BSlmethionine for 7h, after which the incubation medium was removed for 
analysis of secreted proteins, then the oocytes were homogenised and 
fractionated to separate cytosolic proteins from those associated with 
membranes (as described in the Methods II.H). Samples of the oocyte 
fractions were immunopreclpitated with prochymosin antibodies raised at 
Warwick (apC«*, the raising and characterization of these antibodies is 
described in II.G.) and then separated by SDS-PAGE on a
9%(u /v) polyacrylamide gel, containing 30% acrylamide: 1.6% bisacrylamide 
(30:1.6 cross-linked), as described in II.F.2. It was hoped that this gel 
composition would provide a better resolution of prochymosin from its 
precursor than the SDS-polyacrylamide gels used previously (12.5%
polyacrylamide, 30:0.625 cross-linked); the alternative composition was 
chosen since it was the same as that used by Mellor et al< 1983) in 
studies of expression of cloned chymosin genes in yeast, although these 
workers do not show that this gel system will resolve the prochymosin 
expressed in yeast from the in vitro translation product of 
preprochymosin mRIA. To provide a marker in our experiments for the 
primary translation product of preprochymosin mRBA, polyA RHA extracted 
from calf abomasum (II.A) was translated in the rabbit reticulocyte 
lysate cell-free system, as described in the Methods section (1I.E.2). An 
aliquot from this in vitro translation was electrophoresed, without 
immunoprécipitation, on the same gel as the precipitated samples from 
injected oocytes.
Analysis of Figure IV.1 shows that preprochymosin mRIA gave a 
doublet of two translation products both when translated in vitro 
(track 2) and in the oocyte (tracks 3-5). This was unexpected since, as 
noted earlier (in section A) and in the Introduction (I.D.2), other 
workers have reported that in vitro translation of preprochymosin mRIA 
in the reticulocyte lysate system gives a single major polypeptide
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Figure IV. 1 Exprasfion of preprochyaotin aRNA in Xenopus oocytes and in yitro 
Oocytes were injected with preprochyaosin aRNA (ppC aRNA) and incubated for 7h with 
[3‘S]aethionine, together with uninjected control oocytes (no RNA), The oocytes «ere 
fractionated into secreted(S), cytosolic(C) and aeabrane(fl) coaponents, as described in 
the Methods (II,H), Saaples of the different fractions, equivalent to 1 oocyte, «ere
iaaunoprecipitated vith antiprochyaosin antibodies (apC*>, see II.6) and analysed by 
S0S-PA6E on a 91 polyacrylaaide gel (30;l,6 cross-linked), The ppC aRNA «as also 
translated in a reticulocyte lysate in yitro systea (at a ppC aRNA concentration of 
I2,5ng/pl, and 8pCi/pl (“ Slaethionine), as described in the Methods II,E.2. An aliquot 
(2jil> froa this translation «as loaded on the sane gel (track 2), The gel «as 
fluorographed and exposed to X-ray sensitive fila for (a) 17.5h (b) 3 days (II,F,3), When 
preparing the print in (a), in order to sho« clearly the radiolabelled protein bands,
track 2 «as exposed for a shorter period than tracks 3-8; and tracks 1 t 9, containing
,4C-labelled protein aolecular «eight Barkers (see II,F,2), «ere exposed for longer than 
the rest to bring up the Barker bands, The arrows aark the position of two of the
aolecular weight aarkers, N,*A6,000 and Hr«30,000,
product on SDS-PAGE; Moir et ai(1982) and Nicholson & Jones(1984) used a 
10%(u /v> polyacrylamide gel (cross linking ratio not given), but Harris 
et aJ(1982) do not specify the composition of SDS-polyacrylamide gels 
they used. The significance of the doublet of products is discussed fully 
later <IV.D.). The apparent molecular weight of the in vitro polypeptides 
were approx. Mr=43,000 and Kr=42,500, whilst those in the secreted, 
membrane and cytosol fractions of the oocyte were )U=42,000 and 41,500. 
Thus it appears that both species produced from translation of 
preprochymosin mSHA in vitro can be translocated, cleaved and secreted 
when expressed by the oocyte. It should be noted that in this experiment 
the injected oocytes were incubated for a relatively short period, 7h, 
with radiolabelled methionine (compared with the 24h labelling period 
used in previous experiments), and this limited the chase of labelled 
prochymosin into the medium, hence the amount of protein
immunoprecipitated in the S fraction is small but distinct (Fig.IV.lb, 
track 5). It is likely that the relatively large amounts of the 
polypeptide doublet seen in the cytosol fraction (track 3), which is of 
the same size as that in the membranes, represents particularly bad 
leakage from membranes during fractionation of the injected oocytes; this 
is probably oocyte batch dependent since far less 'leakage' was seen in 
other experiments and more commonly within the oocyte the membrane 
fraction contained most of the prochymosin (eg. Fig.III.6). Apparently the 
two species encoded by the preprochymosin aRHA could not be resolved on 
the 12.5% polyacrylamide <30:0.825 cross-linked) gels used previously for 
the analysis of translation products (see Fig.II.1 and Krleg et ai,1984 in 
Appendix). From the gel shown in Fig.IV.1 the apparent size reduction on 
cleavage of each preprochymosin is approx. Nr = 1,000 and not the 1,600 
expected from the amino acid composition of the signal peptide. This 
could be due to glycosylation of the signal-processed, translocated 
prochymo6lns.
A closer comparison was later made of the in vitro and oocyte 
translation products of preprochymosin mRIA and the prochymosln cDBA 
construct 'PChy1 (described in III.E.). The PChy translation product will 
provide a marker for prochymosln, without its signal peptide; also the 
prochymosin expressed in Xenopus oocytes from the PChy construct will 
not be glycosylated since it is not translocated (see III.E). Figure IV.2a. 
shows the separation of material Immunoprecipitated by prochymosin 
antibodies (apC**) from the oocyte and in vitro translation products of 
preprochymosin aRNA (tracks 5 A 6, and track 2 respectively); along with 
that obtained from expression of synthetic RNA encoding
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Figure IV,1 Expression of preprochyeosin «RNA in Xenopus oocytes end in vitro 
Oocytes were injected with preprochy«osin »RNA (ppC »RNA) end incubeted for 7h with 
[1*SI»ethioninel together with uninjected control oocytes (no RNA), The oocytes were 
fractionated into secreted(S), cytosolic(C) end »e»br»ne(M) co»ponents, as described in 
the Nethods (II,H), Saeples of the different fractions, equivalent to 1 oocyte, were 
i»nunoprecipitated with antiprochy»osin antibodies (apCnt, see 11,6) and analysed by 
SDS-PA6E on a 9X polyacrylaaide gel (30:1,6 cross-linked). The ppC »RNA was also 
translated in a reticulocyte lysate in vitro syste» (at a ppC »RNA concentration of 
12.5ng/pl, and 8pCi/pl C’*S]»ethionine), as described in the Nethods 11,E.2. An aliquot 
(2pl> fro» this translation was loaded on the sa»e gel (track 2), The gel was 
fluorographed and exposed to X-ray sensitive fil» for (a) 17,5h (b) 3 days (II,F,3), When 
preparing the print in (a), in order to show clearly the radiolabelled protein bands, 
track 2 was exposed for a shorter period than tracks 3-8; and tracks 1 6 9, containing 
’‘C-labelled protein »olecular weight »arkers (see II,F,2), were exposed for longer than 
the rest to bring up the aarker bands, The arrows »ark the position of two of the 
»olecular weight »arkers, Hr«46,000 and Mr*30,000.
product on SDS-PAGE; Moir et ai(1982) and Nicholson & Jones(1984) used a 
10%(u /v) polyacrylamide gel (cross linking ratio not given), but Harris 
et aj(1982) do not specify the composition of SDS-polyacrylamide gels 
they used. The significance of the doublet of products is discussed fully 
later (IV.D.). The apparent molecular weight of the in vitro polypeptides 
were approx. Mr=43,000 and Mr=42,500, whilst those in the secreted, 
membrane and cytosol fractions of the oocyte were Mr=42,000 and 41,500. 
Thus it appears that both species produced from translation of 
preprochymosin mRNA in vitro can be translocated, cleaved and secreted 
when expressed by the oocyte. It should be noted that in this experiment 
the injected oocytes were incubated for a relatively short period, 7h, 
with radiolabelled methionine (compared with the 24h labelling period 
used in previous experiments), and this limited the chase of labelled 
prochymosin into the medium, hence the amount of protein
immunoprecipitated in the S fraction is small but distinct (Fig.IV.lb, 
track 5). It is likely that the relatively large amounts of the 
polypeptide doublet seen in the cytosol fraction (track 3), which is of 
the same size as that in the membranes, represents particularly bad 
leakage from membranes during fractionation of the injected oocytes; this 
is probably oocyte batch dependent since far less 'leakage' was seen in 
other experiments and more commonly within the oocyte the membrane 
fraction contained most of the prochymosin (eg. Fig.III.6). Apparently the 
two species encoded by the preprochymosin mRNA could not be resolved on 
the 12.5% polyacrylamide (30:0.825 cross-linked) gels used previously for 
the analysis of translation products (see Fig.II.1 and Krieg et al, 1984 in 
Appendix). From the gel shown in Fig.IV.1 the apparent size reduction on 
cleavage of each preprochymosin is approx. Jtr = l,000 and not the 1,600 
expected from the amino acid composition of the signal peptide. This 
could be due to glycosylation of the signal-processed, translocated 
prochymosins.
A closer comparison was later made of the in vitro and oocyte 
translation products of preprochymosin raRIA and the prochymosin cDNA 
construct 'PChy' (described in III.E.). The PChy translation product will 
provide a marker for prochymosin, without its signal peptide; also the 
prochymosin expressed in Xenopus oocytes from the PChy construct will 
not be glycosylated since it is not translocated (see III.E). Figure IV.2a. 
shows the separation of material immunoprecipitated by prochymosin 
antibodies (apCn«> from the oocyte and in vitro translation products of 
preprochymosin mRNA (tracks 5 & 6, and track 2 respectively); along with 
that obtained from expression of synthetic RNA encoding
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Figure IV,2 Coeperison of proteins expressed fro» preprochynosin »RNA and chyeosin cONAs, 
Sanples of the translation products of preprochyeosin »RNA and cloned cDNAs encoding
preprochynosin and prochyaosin were i»»unoprecipitated with antiprochynosin antibodies 
(apCns, see 11,6) and then separated by S0S-PA6E as described below,
(a) Shows a linear gradient (10-301) polyacrylaeide gel fluorographed using 'Enhance' and
exposed for 3 days to X-ray sensitive fil», Track 2 contains an aliquot of the
reticulocyte lysate translation of preprochyeosin eRNA described in Fig.IV,1. Tracks 5 6 6 
are the cytosol and aeabrane fractions, respectively, of oocytes injected with 
preprochyeosin eRNA (see Fig.IV,1), Track 3 is capped SP6PChy RNA (encoding 
eethionyl-prochyeosin, described in V,B) translated in a wheat gera cell-free systee 
(Il.E.l) and track 4 is the product of the saee synthetic RNA expressed in the oocyte 
(cytosol fraction), The eolecular weights of the radiolabelled earker proteins in tracks 1 
4 7 are indicated,
(b) Shows the autoradiograe of a 91 polyacrylaeide gel (30:1,6 cross-linked),
fluorographed using the eethod of Bonner 6 Laskey(1974) and exposed to preflashed X-ray 
file for 3 days, Track 2 is the ieeunospecific products of preprochyeosin eRNA translated
in vitro (as track 2 above) and track 3 is the saee eRNA expressed in the oocyte (eeebrane
fraction), Track 4 is eaterial ieeunoprecipitated froe total hoeogenised oocytes injected 
with pTKzPPChy* ONA encoding preprochyeosin (see III.E), Track S is the oocyte product of 
SP6PChy RNA (as track 4 above), Tracks 1 4 6 are the “ C-labelled protein Barkers, To show 
the bands in track 3 sore clearly that area of the negative was exposed longer during 
printing,
methionyl-prochymosin, SP6PChy (see V.B), in vitro (track 3) and in the 
oocyte (track 4). In this experiment a 10-30%(w /v) linear gradient 
SDS-polyacrylamide gel was used as it was decided to test if this would 
result in greater separation of prochymosin from its precursor 
preprochymosin, compared with that seen on the 9%(w /v) polyacrylamide 
gel used above. The preparation of this gel, its electrophoresis and 
fluorography using 'Enhance' (HEH) was kindly carried out by A.S. Carver. 
This gel (Fig. IV .2a) did not give better resolution of the
preprochymosin(s) and prochymosin(s) than the 9*A(“ /v) polyacrylamide gel 
(30:1.6 cross-linked). As expected there no was detectable difference in 
size between the in vitro and oocyte products expressed from the SP6PChy 
RHA, encoding methionyl-prochymosin (tracks 3 4 4, respectively). It was 
shown, however, that the polypeptide translated from this synthetic RHA 
appeared to display the same mobility as the faster migrating 
prochymosin protein of the two species expressed in oocytes from the 
preprochymosin mRHA, and probably had a marginally greater mobility than 
either of the in vitro preprochymosin mRHA proteins, although the
comparison of the small differences in relative migration of the 
polypeptides is difficult between tracks. These observations were 
confirmed when a similar set of immunoprecipitated samples were 
electrophoresed on a nongradient 9%(w/v) polyacrylamide gel (ratio 
%acrylamlde to %bisacrylamide 30:1.6), shown in Fig.IV.2b. This gel
demonstrated more clearly that the oocyte SP6PChy translation product 
(track 5) has a mobility greater than that displayed by either of the 
primary translation products translated from the mRHA in vitro (track 
2). The prochymosin expressed from the SP6PChy RHA again migrated to the 
same position as the lower band of the doublet expressed from 
preprochymosin mRHA in the oocyte (track 3). This suggests that
glycosylatlon of the translocated prochymosins expressed from the mRHA 
in oocytes does not account for their smaller than expected difference in 
the migration on SDS-PAGE to that of the precursor preprochymosins. 
Furthermore the protein expressed in oocytes from pTKjPPChy+ DBA 
(track 4) also showed the same migration as the faster migrating 'oocyte' 
preprochymosin mRHA product and the SP6PChy prochymosin protein.
pTK»PPChy+, which contains full-length preprochymosin cDHA insert (see 
III.E.), is known to express a protein in oocytes which is translocated 
and secreted (Fig.111.6); the results shown in Flg.IV.2b suggests that the 
product Immunoprecipitated from oocytes Injected with pTKaPPChy+ does not 
contain the signal peptide. At this time the corresponding SP6 RHA of the 
'PPChy' cDHA was not available. Further experiments on the expression of
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F ig u re  I V , 2 C o n p a r is o n  o f p r o t e in s  e x p re s s e d  fro m  p re p ro c h y n o s in  rcRNA and  c h y n o s in  cDNAs. 
S a n p le s  o f th e  t r a n s l a t i o n  p ro d u c ts  o f p re p ro c h y a o s in  #RNA and  c lo n e d  cDNAs e n co d ing  
p re p ro c h y n o s in  and p ro c h y a o s in  w e re  in a u n o p r e c ip i t a t e d  w i t h  a n t ip r o c h y n o s in  a n t ib o d ie s  
(apCns, see  1 1 ,6 )  and th e n  s e p a ra te d  by SDS-PAGE as d e s c r ib e d  b e lo w ,
(a )  Shows a l i n e a r  g r a d ie n t  ( 1 0- 3 0 X ) p o ly a c r y la m id e  g e l f lu o ro g ra p h e d  u s in g  'E n h a n c e 1 and
exposed  f o r  3 days  to  J - ra y  s e n s i t i v e  f i lm ,  T ra c k  2 c o n t a in s  an a l i q u o t  o f th e  
r e t i c u lo c y t e  ly s a t e  t r a n s l a t i o n  o f p re p ro c h y a o s in  aRNA d e s c r ib e d  in  F i g , I V , 1, T ra c k s  5 & 6 
a re  th e  c y to s o l and a e nb ran e  f r a c t io n s ,  r e s p e c t i v e l y ,  o f  o o c y te s  in je c t e d  w i t h  
p re p ro c h y a o s in  aRNA (see  F i g , I V , 1 ) ,  T ra c k  3  i s  capped SP6PChy RNA (e n c o d in g
n e th io n y l- p ro c h y n o s in ,  d e s c r ib e d  in  V .B )  t r a n s la t e d  in  a w h e a t g e ra  c e l l- f r e e  s y s te n  
( l I . E . l )  and t r a c k  4 i s  th e  p ro d u c t  o f th e  sane  s y n t h e t ic  RNA e x p re s s e d  in  th e  o o c y te  
( c y to s o l  f r a c t i o n ) .  The a o le c u la r  w e ig h ts  o f th e  r a d io la b e l  le d  m a rk e r  p r o t e in s  in  t r a c k s  I 
1 7 a re  in d ic a t e d .
(b )  Shows th e  a u to ra d io g ra n  o f a 91 p o ly a c r y la m id e  g e l ( 3 0 : 1 , 6  c r o s s - l in k e d ) ,
f lu o ro g ra p h e d  u s in g  th e  method o f B onner 1 L a s k e y ( 1 S 7 4 ) and e xp o se d  t o  p r e f la s h e d  X - ra y  
f i lm  f o r  3 d a y s , T ra c k  2 is  th e  ia a u n o s p e c if ic  p ro d u c ts  o f p r e p ro c h y a o s in  aRNA t r a n s la t e d  
in vitro  (a s  t r a c k  2 abo ve ) and t r a c k  3 i s  th e  same aRNA e x p re s s e d  in  th e  o o c y te  (membrane 
f r a c t i o n ) ,  T ra c k  4 i s  a a t e r i a l  ia a u n o p r e c ip i t a te d  fro m  t o t a l  h o n o g e n is e d  o o c y te s  in je c t e d  
w i t h  pTK iPPC hy*  DNA e n co d ing  p re p ro c h y a o s in  (s e e  I 1 I . E ) ,  T ra c k  S i s  t h e  o o c y te  p ro d u c t  o f 
SP6PChy RNA (a s  t r a c k  4 a b o ve ), T ra c k s  1 It 6 a re  t h e  l4 C - la b e l le d  p r o t e in  a a r k e r s .  To show 
th e  bands in  t r a c k  3 a o r t  c l e a r l y  t h a t  a re a  o f t h e  n e g a t iv e  was e xp o se d  lo n g e r  d u r in g  
p r i n t i n g ,
methionyl-prochymosin, SP6PChy (see V.B), in vitro (track 3) and in the 
oocyte (track 4). In this experiment a 10-30%(w /v) linear gradient 
SDS-polyacrylamide gel was used as it was decided to test if this would 
result in greater separation of prochymosin from its precursor
preprochymosin, compared with that seen on the 9%(w /v) polyacrylamide 
gel used above. The oreparation of this gel, its electrophoresis and 
fluorography using 'Enhance' (NEN) was kindly carried out by A.S. Carver. 
This gel (Fig. IV.2a) did not give better resolution of the
preprochymosin (s) and prochymosin(s) than the 9%(w /v) polyacrylamide gel 
(30:1.6 cross-linked). As expected there no was detectable difference in 
size between the in vitro and oocyte products expressed from the SP6PChy 
RNA, encoding methionyl-prochymosin (tracks 3 4 4 ,  respectively). It was 
shown, however, that the polypeptide translated from this synthetic RNA 
appeared to display the same mobility as the faster migrating 
prochymosin protein of the two species expressed in oocytes from the 
preprochymosin mRNA, and probably had a marginally greater mobility than 
either of the in vitro preprochymosin mRNA proteins, although the
comparison of the small differences in relative migration of the 
polypeptides is difficult between tracks. These observations were 
confirmed when a similar set of immunoprecipitated samples were 
electrophoresed on a nongradient 9%(w /v) polyacrylamide gel (ratio 
Uacrylamide to %bisacrylamide 30:1.6), shown in Fig.IV.2b. This gel
demonstrated more clearly that the oocyte SP6PChy translation product 
(track 5) has a mobility greater than that displayed by either of the 
primary translation products translated from the mRNA in vitro (track 
2). The prochymosin expressed from the SP6PChy RNA again migrated to the 
same position as the lower band of the doublet expressed from 
preprochymosin mRNA in the oocyte (track 3). This suggests that
glycosylatlon of the translocated prochymosins expressed from the mRNA 
in oocytes does not account for their smaller than expected difference in 
the migration on SDS-PAGE to that of the precursor preprochymosins. 
Furthermore the protein expressed in oocytes from pTKaPPChy+ DNA 
(track 4) also showed the same migration as the faster migrating 'oocyte' 
preprochymosin mRHA product and the SPCPChy prochymosin protein.
pTKaPPChyt, which contains full-length preprochymosin cDNA insert (see 
III.E.), is known to express a protein in oocytes which is translocated 
and secreted (Fig.III.6); the results shown in Fig.IV.2b suggests that the 
product immunoprecipitated from oocytes injected with pTKaPPChy+ does not 
contain the signal peptide. At this time the corresponding SP6 RNA of the 
'PPChy' cDNA was not available. Further experiments on the expression of
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the chynosin cDHA constructs are presented in Chapter V. The implications 
of the above observations are discussed later (IV.D.).
The experiments described in this section suggest that the mRHA 
isolated from calf abomasum does encode not one, but two precursors of 
prochymosin which are both processed following translocation in Xenopus 
oocytes and are secreted. However the presence of the closely migrating 
doublet of protein bands on the SDS-polyacrylamide gels and the small 
differences in the mobilities of the various chymosin polypeptides makes 
it difficult to demonstrate unequivocally that this is the case. It could 
also be argued that the pattern of radiolabelled polypeptide bands 
observed on the fluorographed gels is consistent with the hypothesis that 
only one of the mRHA 'in vitro products’ is cleaved in the oocyte; the 
primary translation product with the slower mobility on SDS-PAGE is 
processed to the faster migrating species of the doublet seen in the 
oocyte fractions.
IV.C. Translocation and Processing_In Vitro of Preprochymosin Translated
iron aRSA
The previous section described studies on the expression of 
preprochymosin mRHA on injection into Xenopus oocytes compared with the 
primary translation products obtained on in vitro translation. These 
suggested that both chymosin polypeptides encoded by the mRHA do contain 
a signal sequence which is cleaved on translocation across the ER 
membrane in oocytes. As mentioned earlier (section A this chapter, III.A. 
and in the Introduction, I.E.) in order to establish the particular step 
affected by a signal sequence mutation it will be necessary to complement 
studies using the oocyte as an assay system with experiments using in 
vitro translation-translocation systems, in which translation is carried 
out in the presence of isolated microsomal vesicles. The recent 
development of such in vitro systems, reconstituted from a variety of 
components, will allow the affect of signal sequence mutations to be 
studied in a more detailed way. The experiments presented in this section 
concern the translation of preprochymosin mRHA in vitro and the 
translocation and processing of the translation products in the presence 
of dog pancreatic mlcrosomes. As well as fulfilling the objective of 
characterising the behaviour of wild-type preprochymosin in the in vitro 
systems, these studies have enabled me to examine in further detail the 
'doublet' of prochymosin proteins obtained on translation of 
preprochymosin mRHA, since thi6 had not previously been described by 
others.
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the chymosin cDNA constructs are presented in Chapter V. The implications 
of the above observations are discussed later (IV.D.).
The experiments described in this section suggest that the mRNA 
isolated from calf abomasum does encode not one, but two precursors of 
prochymosin which are both processed following translocation in Xenopus 
oocytes and are secreted. However the presence of the closely migrating 
doublet of protein bands on the SDS-polyacrylamide gels and the small 
differences in the mobilities of the various chymosin polypeptides makes 
it difficult to demonstrate unequivocally that this is the case. It could 
also be argued that the pattern of radiolabelled polypeptide bands 
observed on the fluorographed gels is consistent with the hypothesis that 
only one of the mRHA ‘in vitro products' is cleaved in the oocyte; the 
primary translation product with the slower mobility on SDS-PAGE is 
processed to the faster migrating species of the doublet seen in the 
oocyte fractions.
IV.C. Translocation and Processing In Vitro of Preprochymosin Translated 
from mRHA
The previous section described studies on the expression of 
preprochymosin mRHA on injection into Xenopus oocytes compared with the 
primary translation products obtained on in vitro translation. These 
suggested that both chymosin polypeptides encoded by the mRNA do contain 
a signal sequence which is cleaved on translocation across the ER 
membrane in oocytes. As mentioned earlier (section A this chapter, III.A. 
and in the Introduction, I.E.) in order to establish the particular step 
affected by a signal sequence mutation it will be necessary to complement 
studies using the oocyte as an assay system with experiments using in 
vitro translation-translocation systems, in which translation is carried 
out in the presence of isolated microsomal vesicles. The recent 
development of such in vitro systems, reconstituted from a variety of 
components, will allow the affect of signal sequence mutations to be 
studied in a more detailed way. The experiments presented in this section 
concern the translation of preprochymosin mRHA in vitro and the 
translocation and processing of the translation products in the presence 
of dog pancreatic microsomes. As well as fulfilling the objective of 
characterising the behaviour of wild-type preprochymosin in the in vitro 
systems, these studies have enabled me to examine in further detail the 
'doublet' of prochymosin proteins obtained on translation of 
preprochymosin mRHA, since this had not previously been described by 
others.
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Preprochymosin mRHA was translated in a nuclease treated 
reticulocyte lysate system (obtained from Amersham) supplemented with 
[3SS)methionine, in the presence and absence of dog pancreatic microsomes 
(as described in the Materials 4 Methods II.E.2 4 3). Two other mRHAs, 
human lactogen and chick oviduct, were translated under the same 
conditions to provide positive controls for the translocation and 
processing activity of the microsomes. Following the initial translation 
an aliquot from the translations containing microsomes was then incubated 
on ice in the presence of chymotrypsin and trypsin (50pg/ml each) for a 
further 60min. Another aliquot from the same translation was incubated 
under the same conditions but in the presence of Triton-X-100 (1%) in 
addition to the proteases; and a third aliquot was simply incubated 
untreated for 60min on ice. It was expected that the untreated aliquot 
from the translation in the presence of microsomes would contain both 
full-length and the cleaved forms of the secretory proteins encoded by 
the mRHAs, the relative proportions of each depending on the 
translocation and processing efficiency of the microsomes. In the 
aliquots incubated only with proteases those proteins fully translocated 
within the membranes would be protected from digestion by the enzymes. 
The addition of the detergent Trlton-X-100 will disrupt the membranes 
allowing protease digestion of proteins both outside and those 
translocated into the microsomes.
Since it had been established that the nuclease treated reticulocyte 
lysate gave a low background level of endogenous protein synthesis, 
samples were not immunoprecipitated prior to electrophoresis on 
SDS-polyacrylamide gels. Equivalent aliquots from the various treatments 
of the preprochymosin mRHA translations were separated on a 9%(w /v) 
polyacrylamide gel (30:0.825 cross-linked), whilst 15% gels (with a 
cross-linking ratio of 40:0.2) were used for samples from the lactogen 
and oviduct mRHA translations.
It can be seen from Figure IV.3a that the microsomes were 
functional in terms of processing of the lactogen and the oviduct 
lysozyme proteins (tracks 3 4 7 ) .  In vitro translation of human 
placental lactogen RHA results in the expression of a precursor 
protein (Fig.IV.3a, track 2) with an apparent molecular weight 
Mr =28,000 which, when microsomes are present in the translation, is 
cleaved to the mature form, apparent molecular weight Mr=22,000 (track 3). 
Szczesna 4 Bolme(1976) using an ascites cell-free translation system
first demonstrated the conversion of the precursor form of lactogen, 
which they found to have an apparent molecular weight of Mr=25,000, to
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the mature form (estimated Mr=22,000). The discrepancies in 1 
molecular weights of the precursor proteins is probably a c( 
the different gel systems used by myself and these worke 
relative intensities of the lactogen and prelactogen bands 
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the mature form (estimated M,.=22,000). The discrepancies in the estimated 
molecular weights of the precursor proteins is probably a consequence of 
the different gel systems used by myself and these workers. From the
relative intensities of the lactogen and prelactogen bands in rig. IV.3a, 
track 3 it appears that the microsomes have been very efficient in 
translocating and processing the prelactogen expressed, little of the 
uncleaved precursor is seen. Translation of the oviduct mRNA shows that 
in the case of prelysozyme, processing by the microsomes appears to have 
been slightly less efficient than that seen with prelactogen. It is
estimated that roughly 50% of the prelysozyme has been cleaved to 
lysozyme, which comigrates with the lysozyme in the radiolabelled protein 
markers (see Fig.IV.3a track 7, and more clearly in Fig.IV.3b track 8). 
The differential efficiency of processing may be due to the larger 
quantities of secretory proteins synthesized from the oviduct mRNA
compared with the lactogen mRNA translation (compare tracks 2 4 3  with 
6 4 7 in Fig.IV.3a), and hence the microsomes may be saturated in the 
oviduct mRNA translation. The major proteins encoded by the oviduct mRNA 
include not only lysozyme but also ovalbumin which is not cleaved on
translocation, and ovomucoid and conalbumin. It is not possible, 
therefore, to use signal processing to assess the efficiency of 
translocation of ovalbumin by the microsomes. The ovalbumin expressed 
from the oviduct mRNA migrated slighly faster than the '*C-iabelled 
ovalbumin in the molecular weight markers, this is probably due to a 
differences in the extent of glycosylation of the in vitro and 'marker' 
ovalbumin. There is a less intense band in the marker tracks at the same 
position as the in vitro ovalbumin; this may correspond to ’*C-labelled 
ovalbumin which has a more similar glycosylation pattern to that of the 
oviduct mRNA product. Native ovalbumin carries both N-linked and 0-linked 
carbohydrate chains (Glabe et ai,1980; Hanover 4 Lennarz,1981; Kato 
et al, 1984). It is possible for canine pancreatic microsomes to carry out 
some N-linked glycosylation of translocated proteins in vitro; however, 
there is no clear indication in the experiment shown in Fig.IV.3 that the 
ovalbumin synthesized in the presence of microsomes (Fig.IV.3b, track 8) 
has a slower mobility, due to glycosylation, than the ovalbumin 
synthesized in the absence of microsomal vesicles (3b track 9).
There is also a difference in the effectiveness of the protease 
resistance assay for the different translocated proteins translated from 
the control mRHAs. None of the processed lactogen appears to be resistant 
to digestion by chymotrypsin and trypsin under the conditions used, since 
no band was visible at the position corresponding to mature lactogen in
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the aliquot of the lactogen mRHA translation in the presence of
microsomes which was treated with the proteases alone (Fig.IV.3a,track 4), 
not even on a longer exposure of the fluorographed gel to preflashed
X-ray film (not shown). This suggests the proteolysis conditions were too 
severe, unless for some reason the lactogen is not fully translocated 
within the microsomes. However when an aliquot of the oviduct translation 
was incubated with the same concentrations of proteases this resulted in 
digestion of the prelysozyme, whilst the mature form of lysozyme was
mostly resistant to protease digestion (see Fig.IV.3b track 7 and compare 
with track 8). The extent of the protection of cleaved lysozyme cannot be 
determined as in this case the incubation with Triton-X-100 and
proteases did not result in complete digestion of all proteins, and some 
mature lysozyme resisted digestion even under these conditions (Fig.IV.3b 
track 6, also Fig.IV.3a track 9). Therefore, in contrast to the lactogen 
translation, more severe conditions are required for the lysozyme 
protease resistance assays - perhaps a higher concentration of Triton in 
the detergent plus protease Incubation may suffice. The variation in the 
sensitivity of different proteins to the same protease assay conditions 
is demonstrated further when the fate of ovalbumin translated from the 
oviduct mRHA is considered. As ovalbumin does not contain a cleaved 
signal sequence the degree to which the protein synthesized in the 
presence of microsomes is protected from exogenous proteases provides a 
means of assessing the efficiency of its translocation; on this basis it 
appears that little of the ovalbumin has been translocated (Fig.IV.3b 
track 6, also Fig.IV.3a track 7) such that it is protected from digestion 
by the chymotrypsin and trypsin. As with lysozyme not all the protected 
protein is then digested when detergent is also included in the
incubation (Fig.IV.3b track 7 and Fig.IV.3a track 8).
The translation of the lactogen and oviduct mRHAs, known to encode 
proteins with cleavable signal peptides, was designed to provide positive 
controls for translocation, processing and protease protection of 
segregated proteins in the experimental conditions used. The different
results obtained with these controls highlights the necessity for 
adjustment of the conditions used in these translocation assays according 
to the particular protein to be studied and the amounts of protein 
produced in the in vitro translation. With these points in mind we can 
look at the results obtained from the translation of preprochymosin mRHA 
in the same experiment.
Figure IV.4a is of a short exposure autoradiogram of the
flonrographed gel from the electrophoresis of the preprochymosin mRHA
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translation products. This autoradiogram showed that in the presence of 
microsomes (track 4) a triplet pattern of protein bands is observed, an 
intense middle band is flanked by bands of lower intensity. This 
indicates that both the primary translation products expressed from the 
mRHA in the absence of microsomes, designated and marked a' and b' 
(track 3, Fig.IV.4a), are partially processed when translation of the mRHA 
is carried out in the presence of microsomes; with b' being cleaved to 
the protein with the greatest mobility in track 4 (designated b), whilst 
the middle band of the triplet consists of the unprocessed b' migrating 
with the processed form (which I will call a) of the precursor species 
with the slower mobility a'. It is the unprocessed a' polypeptide which 
forms the slowest migrating band of the triplet in track 4 of Fig.IV.4a. 
If this interpretation of the radiolabelled protein bands seen on the 
autoradiogram of the gel is correct then it is expected that only bands 
representing the translocated and processed form of prochymosin will be 
resistant to protease digestion, ie. bands a and b. This was found to be 
the case when a longer exposure was made of the same gel (Fig.IV.4b>. 
Track 6 is the sample of the translation in the presence of microsomes 
which was subsequently incubated with chymotrypsin and trypsin; this 
shows a doublet of protected proteins which migrate to the same postion 
as band a and b, described above. Ho radiolabelled proteins are seen in 
this part of the gel either in the sample treated with Triton and 
proteases (track 7) or the no RHA control translations (tracks 8-11). The 
radiolabelled band of approximately 50K which is present in the samples 
of in vitro translations in both Figs.IV.3 4 4, but is particularly
prominent in Fig.IV.4b, has been noted to occur in reticulocyte lysate 
cell-free translation assays even in the absence of exogenous RHAs 
(Clements,1984). This experiment shows firstly that the proteolysis 
conditions used enable one to show the protection of prochymosin 
segregated within microsomes from exogenous proteases, although some 
digestion of the processed prochymosin has occurred. In other experiments 
using diffent proteolysis conditions (incubation at 15*C with either 
100pg/ml or 50pg/ml chymotrypsin and trypsin) protease resistance of 
translocated prochymosin could not be detected. This experiment also 
clearly demonstrates that the preprochymoeln mRHA encodes two precursors 
of prochymosin (apparent molecular weight approx. M..*43,000 and 42,500), 
each containing a signal sequence which enables their complete 
translocation into microsomal membranes where processing occurs, 
producing prochymo6lns (N, = 42,000 and 41,500) which are resistant to 
digestion by proteases outside the microsomes.
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translation products. This autoradiogram showed that in the presence of 
microsomes (track 4) a triplet pattern of protein bands is observed, an 
intense middle band is flanked by bands of lower intensity. This 
indicates that both the primary translation products expressed from the 
mRNA in the absence of microsomes, designated and marked a' and b' 
(track 3, Fig.IV.4a), are partially processed when translation of the mRNA 
is carried out in the presence of microsomes; with b' being cleaved to 
the protein with the greatest mobility in track 4 (designated b), whilst 
the middle band of the triplet consists of the unprocessed b‘ migrating 
with the processed form (which I will call a) of the precursor species 
with the slower mobility a'. It is the unprocessed a' polypeptide which 
forms the slowest migrating band of the triplet in track 4 of Fig.IV.4a. 
If this interpretation of the radiolabelled protein bands seen on the 
autoradiogram of the gel is correct then it is expected that only bands 
representing the translocated and processed form of prochymosin will be 
resistant to protease digestion, ie. bands a and b. This was found to be 
the case when a longer exposure was made of the same gel (Fig.IV.4b). 
Track 6 is the sample of the translation in the presence of microsomes 
which was subsequently incubated with chymotrypsin and trypsin; this 
shows a doublet of protected proteins which migrate to the same postion 
as band a and b, described above. No radiolabelled proteins are seen in 
this part of the gel either in the sample treated with Triton and 
proteases (track 7) or the no RNA control translations (tracks 8-11). The 
radiolabelled band of approximately 50K which is present in the samples 
of in vitro translations in both Figs.IV.3 4 4, but is particularly
prominent in Fig.IV.4b, has been noted to occur in reticulocyte lysate 
cell-free translation assays even in the absence of exogenous RNAs 
(Clements,1984). This experiment shows firstly that the proteolysis 
conditions used enable one to show the protection of prochymosin 
segregated within microsomes from exogenous proteases, although some 
digestion of the processed prochymosin has occurred. In other experiments 
using diffent proteolysis conditions (incubation at 15‘C with either 
lOOpg/ml or 50pg/ml chymotrypsin and trypsin) protease resistance of 
translocated prochymosin could not be detected. This experiment also 
clearly demonstrates that the preprochymosln mRNA encodes two precursors 
of prochymosin (apparent molecular weight approx. Nr=43,000 and 42,500), 
each containing a signal sequence which enables their complete 
translocation into microsomal membranes where processing occurs, 
producing prochymosins (Nr = 42,000 and 41,500) which are resistant to 
digestion by proteases outside the microsomes.
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Figure IV .4 also shows that the polypeptide (seen in track 2) 
produced by the in vitro translation of a synthetic RNA, SP6PPChy, which 
encodes the preprochymosin cDNA gene cloned by Harris et al(1982> (see
III. E. and V.B), has the same mobility as the protein band b\ one of the 
precursors encoded by preprochymosin mRNA (track 3). Similarly the 
protein expressed after injection of SP6PPChy RHA into oocytes (track 5) 
migrates to the same position on the gel as the lower band, b, of the 
translocated, processed prochymosins expressed from the mRNA (Fig.IVb 
track 6 and Fig.IVa track 4). This, together with the results shown in 
Fig.IV.2, suggests that the preprochymosin gene isolated on the ‘PPChy1 
insert by Harris et al, represents the cDNA clone of the species in the 
natural mRNA which encodes a preprochymosin with a mobility on SDS-PAGE 
consistent with Hr=42,500; this preprochymosin is processed on 
translocation across membranes in vitro and in vivo to a prochymosin 
with an apparent molecular weight of JCr=41,500, Judged by its migration 
on SDS-PAGE. This will be discussed further in D.2.
IV .D. Discussion
IV. D.l Preprochymosin is translocated and cleaved both in oocytes and 
in vitro
The results presented in this chapter show that preprochymosin, the 
prinary translation product encoded by prochymosin mRNA, is cleaved and 
translocated both in Xenopus oocytes and in vitro systems supplemented 
with microsomes. Thus two types of assay system are characterised for 
use in the analysis of signal sequence mutants of preprochymosin: the 
oocyte is useful because of its high efficiency of translocation of 
foreign secretory proteins and also as an assay for secretion; while the 
in vitro system provides a means of dissecting the translocation process, 
as described earlier (I.E. and III.A).
As discussed fully below (D.2) the preprochymosin mRHA encoded not 
one but two precursors of prochymosin both of which are translocated and 
processed. These showed close migration on SDS-PAGE which caused 
difficulties in interpreting the in vitro translocation data, especially 
since the difference in mobilities of the full-length preprochymosins and 
the processed prochymoeins was less than that expected from the amino 
acid sequence of the cleaved signal peptide. The necessity to use cloned 
cDIA encoding preprochymosin for the proposed signal sequence 
mutagenesis studies will remove part of these complications since it was 
found the cloned gene resulted in the expression of a single polypeptide
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in vitro and in the oocyte. Further work on the expression of the 
preprochymosin cDNA is presented in the next chapter (V).
IV.D.2 What are the two preprochyaosin proteins encoded by the mKIA?
It has been suggested that the translation product of the gene 
cloned by Harris et al(1982) accounts for one (designated b') of the 
prochymosin precursors encoded by the preprochymosin mRHA; if this is 
the case then what is the identity of the other (designated a*)? The 
possibility that a' is a post-translational aodification of b‘ which can 
take place both in vitro and in the oocyte can be excluded, since if this 
were the case then a protein doublet would also be seen on translation of 
the SPSPPChy RIA (transcribed from the cloned preprochymosin gene) in
the same systems. An alternative is that a' is the product of a second
preprochymosin gene represented in the mRSA preparation. As described in 
the Introduction (I.D.), to date two groups have cloned full-length
preprochymosin genes from cDIA made from polyA RIA extracted from the 
mucosal layer of the abomasum of unweaned calves. The gene characterised 
by Harris et al(1982) was found to encode for a protein with an amino 
acid sequence corresponding to that of prochymosin B, as determined by 
Foltmann et al(1977). Moir et al<1982) cloned a gene with a slightly 
different DIA sequence resulting in a translation product with two amino 
acids different to prochymosin B, one of which corresponded with the 
known difference between prochymosin B and the partial amino acid
sequence of prochymosin A (Foltmann et al,1979); hence it was suggested 
that this cDIA most probably represents the prochymosin A gene. The work 
by Moir et al(.1982) also indicated that there is a single bovine chymosin 
locus, and they demonstrated that the A and B cDIAs are alleles of this 
locus. If this is the case then the simplest explanation of the results 
described in this chapter is that the mRIA used in the experiments was 
isolated from a calf heterozygotic at the chymosin locus, with both the A 
and B alleles; or from calves of different genotypes. Hence the slower 
mobility preprochymosin precursor, a', (seen on SDS-PAGB of the in vitro 
translation products of the mRIA) will be preprochymosin A. The cDIA 
sequence data showed that prochymosin A (encoded by the cDIA isolated by 
Moir et ali only differs from prochymosin B (Harris et al cDMA) at 
residues 214 and 286, which in prochymosin A are both aspartate whereas 
in prochymosin B they are asparagine and glycine respectively (see Table 
1.1 in the Introduction). It must therefore be concluded that despite the 
use of denaturing SDS-polyacrylamide gels in my experiments the two 
extra charged residues in preprochymosin A cause it to have a different
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mobility on electrophoresis to the preprochymosin B gene product although 
their molecular weights are virtually identical.
Whilst this hypothesis of the nature of the preprochymosin 'doublet' 
encoded by the mRHA is the simplest consistent with the results I
obtained and those of others, it can only be put forward tentatively at 
this stage and other interpretations of the data cannot be excluded. It is 
possible either that the a' polypeptide is the translation product of 
another allelic form of the single chymosin genetic locus, or that it is 
encoded by a chymosin gene non-allelic to A and B which is sufficiently 
divergent in its DHA sequence not to be detected by the preprochymosin A 
hybridization probes used by Moir et aH 1982) in the genomic blots which 
detected the single chymosin locus. Initially it would be of interest to
compare the migration on SDS-polyacrylamide gels of the in vitro and
oocyte translation products of the putative preprochymosin A gene cloned 
by Moir's group with those of the preprochymosin B cDNA cloned by Harris 
et ai(1982) and the preprochymosin mRHA preparation used in the
experiments here. If the primary translation product of the
preprochymosin A cDHA migrates with the precursor a' encoded by the 
mRHA, and there is also comigration of the corresponding processed and 
translocated prochymosins expressed in the oocyte, then this would 
strongly support the suggestion that the mRHA contains RHAs derived from 
the A and B preprochymosin genes. Should this equivalence of mobilities 
not be observed then this hypothesis cannot be valid and alternative 
explanations can be explored. However, only microsequencing of the two 
precursors, a* and b', encoded by the mRNA will give their absolute 
identity as preprochymosin A or B, or as other uncharacterized chymosins, 
as yet not cloned. Similarly only by determining the H-termlnal sequences 
of the cleaved proteins secreted by oocytes and those translocated within 
microsomes in vitro, can one conclude that correct processing of the 
signal peptide has occurred in these systems.
A further complication to the Interpretation arises from the noted 
heterogeneity which exists at the protein level in vivo, as described in 
the Introduction (I.D.l). Up to four different forms of prochymosin and 
chymosin isolated from calf stomachs have been distinguished by 
electrophoretic and chromatographic analysis (Foltmann,1970; Asato A 
Rand, 1971; Asato A Rand,1972; Donnelly et al, 1984), but the precise nature 
and relationship of all these species is not clear. In this context it is 
noted that examination of the amino acid sequence of the cloned 
preprochymosin cDHAs (Harris et al, 1982; Moir et aj,1982) reveals two 
potential sites for H-linked glycosylatlon, both Asn-X-Ser (see
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Introduction I. A.2 & 3>. It would be interesting to compare the 
translation products of the mRHA extracted from individual calf
abomasums with the protein species isolated from the same animal. It is 
also noted that Donnelly et al(19S4), who analysed the chymosin proteins 
from individual calves, comment that the two chymosins which they 
identified by their separation on DEAE-cellulose chromatography also 
displayed different electrophoretic mobilities on 6M-urea, 6'4<u /v) 
polyacrylamide gels but they were not resolved on SDS-polyacrylamide 
gels, although they did not specify if this was also using a gel 
containing 6%<u /v) polyacrylamide. Therefore it is possible that the SDS- 
polyacrylamide gel system used in my translation studies may not have 
revealed the true complexity of chymosin proteins expressed from the 
preprochymosin mRHA, or indeed from the cloned chymosin genes.
IV.E. Summary
Messenger (polyA) RHA extracted from calf abomasum was translated 
in vitro in the absence and presence of pancreatic microsomes, and the 
products were analysed by electrophoresis on SDS-polyacrylamide gels 
(9%<u /v)polyacrylamide, with a ratio of acrylamide to bisacrylamide of 
30:1.6 or 30:0.825). The major primary translation products resolved 
on the gels was a doublet of protein bands, Mr=43,000 and Mr=42,500, 
and these polypeptides were immunoprecipitated by antibodies raised 
against calf prochymosin. Both these proteins contain a signal sequence 
which directs their translocation within microsomes in vitro;
translocation being accompanied by processing of the precursors to 
proteins of Kr=42,000 and 41,500. Prochymosin-specific peptides of the 
same size as those proteins translocated in vitro were also
immunoprecipitated from oocytes injected with the preprochymosin mRHA. 
The two prochymosins expressed in oocytes were secreted into the medium 
surrounding the injected oocytes. One of the preprochymosins produced 
from translation of the mRHA in vitro displays the same migration on 
SDS-PAGE as the in vitro translation product of the cloned 
preprochymosin B gene; likewise comigration is observed of the 
corresponding processed prochymosin species secreted by injected oocytes. 
It is suggested that this preprochymosin mRHA (a gift from Celltech Ltd.) 
was isolated from a calf with a heterozygotic chymosin genotype, and 
encodes two prochymosin precursors representing the primary translation 
products of two allelic forms of the chymosin genetic locus, one of which 
is probably the preprochymosin B gene whilst the other may be 
preprochymosin A. However one cannot exclude the possibilities that the
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two proteins, giving rise to the doublet of bands seen on 
electrophoresis, either represent other allelic forms of the 
chymosin locus or are expressed from non-allelic chymosin genes.
gel
same
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-RESULTS ft DISCUSSIOI-
VIVO ft IN VITRO EXPRESSIQH OF SYNTHETIC RHAS FOR PREPRQCHYMQSIN. 
ERQCHYMQS1H AND GHYMQSIH
V.A. Introduction
At this stage we obtained in the laboratory the SP6 vectors 
developed by Melton's group (Harvard, USA) and the protocol for 
generating in vitro transcripts initiated from the bacteriophage SP6 
promoter contained in these vectors (Melton et al, 1964). By cloning cDNAs 
into these SP6 vectors it was then possible to transcribe large 
quantities of specific RHAs which had been shown to be biologically 
active and were translated following microinjection into Xenopus oocytes 
and also in vitro (Krieg ft Melton,1984). It was decided to examine the 
expression of synthetic RHAs transcribed from wild-type preprochymosin 
cDHA (PPChy) and also from the methlonyl-prochymosin (PChy) and 
methionyl-chymosln (Chy) constructs derived from this cDHA (see III.E), 
both in Xenopus oocytes and in vitro.
As noted in Chapter III the injection of pTK2PChy+ into Xenopus 
oocytes only ever gave poor expression of prochymosin, and no chymosin- 
specific polypeptides were ever detected following injection of pTK2Chy+. 
Would the cytoplasmic injection of synthetic RNAs result in better 
expression of the preprochymosin derivatives in oocytes, compared with 
their expression from cDIA injected into the nucleus? Also would the
localisation of proteins expressed in the oocyte from cytoplasmically
injected chymosin SP6 RHAs be the same as that seen following the
nuclear injection of the corresponding pTKa plasmid DBAs, described in 
Chapter III? In the context of the proposed signal sequence mutagenesis 
studies (outlined in I.E) the question is whether miscompartmented 
derivatives of preprochymosin are sufficiently stable to be detected when 
expressed in Xenopus oocytes. It would therefore be reassuring to
demonstrate that the signal-minus prochymosin polypeptide can be clearly 
detected in the cytosol of the oocyte; although it is recognised that 
mutant preprochymosins which are not translocated might contain a point 
mutation in the signal peptide which specifically destabilises the 
cytoplasmically localised preprochymosin protein. The SP6 RHAs can, in 
addition, be translated in vitro providing full-length primary translation 
products for comparison with the oocyte products. The SP6 RHAs also 
enable in vitro translocation studies to be carried out on the translation 
products of specific cDHA constructs. It is intended to use in vitro 
synthesized *SP6 RHAs' to provide a means of testing signal sequence
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V.B. In Vitro Synthesis of SP6 RHAs
The Hlndlll inserts were excised from pTK2PPChy+, pTK2PChy+ and
pTK2Chy+ (described in III.E) and cloned into the pSPs* vector (Melton
et al, 1984). Transformants were selected which contained the cDNA insert 
in the 'plus' orientation relative to the SP6 promoter (see Fig.III.2b); 
the plasmids were designated pSP*«PPChy+t pSP*2PChy+ and pSP**Chy+
according to the insert they contained. In vitro transcription from these 
constructs would generate 'sense' RHA corresponding to the coding strand 
of the cDHA insert. The cloning was carried out by Dave Jackson. To 
provide a template for in vitro transcription the pSP 64 constructs were 
linearized at the unique Xbal site in the polylinker region downstream of 
the insert; the RHAs synthesized from these templates are referred to as 
SP6PPChy, SPSPChy and SP6Chy.
All eukaryotic mRHAs have a cap structure which consists of a
7 methylguanosine base joined by a triphosphate bridge to their 5' end. 
In addition the first (and sometimes second) nucleotide of the RHA is 
methylated (Banerjee,1980). Another feature of natural eukaryotic mRHAs is 
the polyadenylatlon at the 3' end of the message. Furuichi et aj(1977) had 
shown that the 5' cap increased the stability of natural mRHAs in Xenopus 
oocytes. The work carried out by Krieg 4 Melton(1984) demonstrated that 
for the synthetic SP6 mRHA a 5' cap was essential for translation in 
oocytes, but that there was no absolute requirement for a 3' polyA tail 
for protein synthesis in oocytes. Kreig 4 Melton had added the 5' 
terminal cap to the SP6 RIAs after transcription using the enzyme 
guanyltransferase from vaccinia virus. However it is also possible to 
produce capped RHAs by including a 'capping dinucleotide' <m7 (5')Gppp(5')H 
or m 7 <5')Gppp(5*)Hm) in the transcription reaction; since the SP6 
transcripts start with a guanosine residue the appropriate dinucleotides 
are m 7 (5')Gppp(5*)G and m 7 (5')Gppp<5')Gm (abbreviated to m 7GG and m 7GGm 
respectively). At a 10* molar excess to GTP these dinucleotides are 
Incorporated efficiently at the 5' terminus of the transcripts (Konarska 
et al, 1984; Pelletier 4 Sonenberg,1985). Studies were initiated in this 
laboratory to determine if SP6 transcripts synthesized in the presence of 
capping dinucleotides were also translated efficiently in oocytes and in 
vitro. These preliminary studies, carried out by myself together with 
several others in the laboratory (Douglas Drummond, Dave Jackson, Alan 
Colman), examined the protein expression of 'dinucleotide capped' SP6 RHAs
mutants of preprochymosin for their ability to function in the process of
translocation in vitro.
103
V.B. In Vitro Synthesis of SP6 RMAs
The Hlndlll inserts were excised from pTK2PPChy+, pTK2PChy+ and 
pTK2Chy+ (described in III.E) and cloned into the pSPs» vector (Melton 
et ai,1984). Transformants were selected which contained the cDHA insert 
in the 'plus' orientation relative to the SP6 promoter (see Flg.III.2b); 
the plasmids were designated pSP«»PPChy+, pSP*«PChy+ and pSP»2Chy+ 
according to the insert they contained. In vitro transcription from these 
constructs would generate 'sense' RIA corresponding to the coding strand 
of the cDHA insert. The cloning was carried out by Dave Jackson. To 
provide a template for in vitro transcription the pSP ci constructs were 
linearized at the unique Xbal site in the polylinker region downstream of 
the insert; the RIAs synthesized from these templates are referred to as 
SP6PPChy, SP6PChy and SP6Chy.
All eukaryotic mRIAs have a cap structure which consists of a 
7 methylguanosine base joined by a triphosphate bridge to their 5' end. 
In addition the first (and sometimes second! nucleotide of the RHA is 
methylated (Banerjee,1980). Another feature of natural eukaryotic mRHAs is 
the polyadenylatlon at the 3' end of the message. Furuichi et al< 1977) had 
shown that the 5* cap increased the stability of natural mRHAs in Xenopus 
oocytes. The work carried out by Krieg 4 Melton (1984) demonstrated that 
for the synthetic SP6 mRIA a 5' cap was essential for translation in 
oocytes, but that there was no absolute requirement for a 3' polyA tail 
for protein synthesis in oocytes. Kreig 4 Melton had added the 5* 
terminal cap to the SP6 RIAs after transcription using the enzyme
guanyltransferase from vaccinia virus. However it is also possible to
produce capped RIAs by including a 'capping dinucleotide' (m7 (5')Gppp(5')I 
or m 7 (5')Gppp(5')Im) in the transcription reaction; since the SP6 
transcripts start with a guanosine residue the appropriate dinucleotides 
are m 7 (5')Gppp(5')G and m7 <5')Gppp(5')Gm (abbreviated to m 7GG and m7GGm 
respectively). At a 10» solar excess to GTP these dlnucleotldes are
incorporated efficiently at the 5* terminus of the transcripts (Konarska 
et a!,1984; Pelletier 4 Sonenberg.1985). Studies were initiated in this
laboratory to determine if SP6 transcripts synthesized in the presence of 
capping dinucleotides were also translated efficiently in oocytes and in 
vitro. These preliminary studies, carried out by myself together with 
several others in the laboratory (Douglas Drummond, Dave Jackson, Alan 
Colman), examined the protein expression of 'dinucleotide capped' SP6 RHAs
mutants of preprochymosin for their ability to function in the process of
translocation in vitro.
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F ig u re  V . l  In vitro  » y n th e s i*  o f c ip p e d  RNAs e n c o d in g  th e  s e c r e to r y  p r o t e in s
p re p ro c h y e o s in  end p re ly s o z y e e  end c o n s t ru c ts  d e r i v e d  f r o «  th e «
The l i n e a r i s e d  p la s e id s  pSP*4PPChy+, pSP«*PChy+ and pSP.4Chy+ ( d e s c r ib e d  i n  V . B ) , and
pSP44L ys+ , pSP44C4 jL + ,  pSP44C4 l+  (d e s c r ib e d  in  V I . 0 ) ,  and « e re  t r a n s c r ib e d  i n  vitro, a t  a 
c o n c e n t ra t io n  o f S 0 p g /«1 , in  th e  p re s e n c e  o f « 76 6  c ap p ing  d in u c le o t id e  and 3 0 0 u n i t s / « l  SP6 
RNA p o ly a e ra s e ,  as d e s c r ib e d  in  t h e  M ethods ( I I . 0 ) .  A t  t h e  end o f  t h e  in c u b a t io n  p e r io d  
' / io  o f each  t r a n s c r ip t i o n  r e a c t io n  «a s  a n a ly s e d  b y  e le c t r o p h o r e s is  on a 2*  ag a ro se /T E A  
g e l w h ic h  «a s  s t a in e d  » i t h  e t h id i u «  b ro a id e ,  shown in  ( a )  ( s e e  I I , B . 8 t  1 1 , 0 , 2 ) .  The 
PBR322 H i n t  I  d ig e s t  a ls o  in c lu d e d  on t h i s  g e l (M )  c o n ta in s  DNA f r a g a e n t s  o f t h e  f o l lo w in g  
s iz e s  i n  base  p a i r s :  1631, 516, 5 06 , 396 , 3 44 , 2 9 8 , 221 , 2 20 , 154 , 75 . The s y n t h e t ic  RNA 
was re c o v e re d  f r o »  th e  t r a n s c r ip t i o n  r e a c t io n s  a s  d e s c r ib e d  i n  1 1 ,0 ,  <b) shows an a l iq u o t  
( • / , . )  o f  th e  re c o v e re d  SP6 RNAs e le c t r o p h o re s e d  on a d e n a tu r in g  fo r« a ld e h y d e /H 0 P S  a g a ro se  
g e l,  w h ic h  th e n  was d r ie d  and exposed  t o  X - ra y  s e n s i t i v e  f i l «  f o r  1 5 « in ,
In oocytes, and also In the reticulocyte lysate and wheat germ in vitro 
translation systems. These experiments compared uncapped and the two 
differently capped SP6 RHAs, and showed that the use of the m 7GG capping 
dinucleotide resulted in a synthetic RHA which gave the most efficient 
translation in oocytes, and this m7GG-capped RHA was also translated well 
in vitro. These initial findings were subsequently confirmed and extended 
in a detailed study made by Douglas Drummond which examined the effect 
of adding a 5' cap or 3' polyA tail on the translation, and also the 
stability and movement, of several SP6 transcripts following injection 
into Xenopus oocytes (see Drummond et al, 1985). As a result of these 
early experiments with the SP6 system it was decided to generate capped 
SP6 RHAs encoding preprochymosin, prochymosin and chymosin by 
synthesizing the transcripts in the presence of m7 (5')Gppp(5')G, and then 
examine the expression of the chymosin proteins from these synthetic 
mRHAs in the oocyte and in vitro.
Capped SP6PPChy, SP6PChy and SP6Chy RHAs were transcribed from the 
linearized pSP«4 chymosin plasmids, described above, in the presence of 
m 7GG capping dinucleotide (as described in the Methods, II. D.i. When 
samples representing ' / 1 0 of each transcription were electrophoresed on 
an agarose/TEA gel (see II. B. 8 and D.2) these gave strong, discrete 
ethidium stained bands (see Fig. V.la>, which indicated good yields of the 
RVAs. The incorporation of C32-P1GTP was estimated by determining the 
material binding to DE81 paper, as described in II.D.2. This showed that 
for each transcription reaction >80% of the theoretical maximum yield of 
RHA had been obtained in this experiment, and the calculated yields of 
the RHAs were - SP6PPChy, 2.8pg; SP6PChy, 2.9pg; SP6Chy, 3pg. As a further 
check samples of the recovered SP6 RHAs were electrophoresed on a 
denaturing formaldehyde-agarose/MOPS gel which was then dried and 
autoradiographed; this was kindly carried out by D. Drummond. As Figure 
V.lb shows most of the radlolabelled GTP is incorporated into a single 
band in each of the transcription reactions, and the relative sizes of 
these are as expected from the lengths of the three inserts: this 
indicated that predominantly full-length transcripts had been 
synthesized. Although in the SP6Chy transcription (Fig.V.lb, track 6) 
there is a smaller, less intense radlolabelled band which could be a 
specific prematurely terminated transcript.
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F ig u re  V . 1 In vitro  s y n th e s is  o f cepped RNAs e n c o d in g  th e  s e c r e to r y  p r o t e in s  
p re p ro c h y ito s in  end p re ly s o z y n e  end c o n s t r u c t s  d e r iv e d  f r o »  th e «
The l i n e e r i s e d  p le s » id s  pSP ..PPC hy+ , pSPe.PC hy* end pSP«*Chy+ (d e s c r ib e d  in  V .B ) ,  end 
pSP»4L ys+ , pSP«»C*2L+ , pSP»iC*L+ ( d e s c r ib e d  in  V I , 0 ) ,  end » e re  t r e n s c r ib e d  in vitro, e t  e 
c o n c e n t r e t io n  o f S 0p g /»1 , in  th e  p re s e n c e  o f » 7G6 c e p p in g  d in u c le o t id e  end 3 0 0 u n i t s / » l  SP6 
SNA p o ly m e ra s e , es  d e s c r ib e d  in  th e  M e th o d s  ( 1 1 ,0 ) ,  A t  th e  end o f th e  in c u b e t io n  p e r io d  
'1,0 of eech t r e n s c r ip t i o n  r e e c t io n  » e s  e n e ly s e d  by e le c t r o p h o r e s is  on e 2* e g e ro se /TE A  
g e l w h ich  »e s  s te in e d  w i t h  e t h id i u »  b r o « id e ,  sho»n  in  ( e )  (s e e  I I . B , 8 & 1 1 , 0 , 2 ) .  The 
pBR322 H i n f l  d ig e s t  e ls o  in c lu d e d  on t h i s  g e l (( f)  c o n te in s  DNA f re g n e n ts  o f th e  f o l lo w in g  
s iz e s  in  bese  p e i r s :  1631, 51$ , 506 , 3 9 6 , 344 , 298 , 2 2 1 , 2 20 , 154, 75 , The s y n t h e t ic  RNA 
» e s  re c o v e re d  f r o «  th e  t r e n s c r ip t i o n  r e e c t io n s  es d e s c r ib e d  i n  1 1 ,0 , ( b )  shows en e l i q u o t  
( • / > . )  o f  th e  re c o v e re d  SP6 RNAs e le c t r o p h o re s e d  on e d e n e tu r in g  fo r» e ld e h yd e /(1 0 P S  e g e ro s e  
g e l ,  w h ic h  th e n  » e s  d r ie d  end exposed  t o  X - re y  s e n s i t i v e  f i 1» f o r  1 5 « in ,
in oocytes, and also in the reticulocyte lysate and wheat germ in vitro 
translation systems. These experiments compared uncapped and the two 
differently capped SP6 RBAs, and showed that the use of the m'GG capping 
dinucleotide resulted in a synthetic RBA which gave the most efficient 
translation in oocytes, and this m7GG-capped RBA was also translated well 
in vitro. These initial findings were subsequently confirmed and extended 
in a detailed study made by Douglas Drummond which examined the effect 
of adding a 5' cap or 3 ‘ polyA tail on the translation, and also the 
stability and movement, of several SP6 transcripts following injection 
into Xenopus oocytes (see Drummond et ai,1985). As a result of these 
early experiments with the SP6 system it was decided to generate capped 
SP6 RBAs encoding preprochymosin, prochymosin and chymosin by 
synthesizing the transcripts in the presence of m7 (5')Gppp (5')G, and then 
examine the expression of the chymosin proteins from these synthetic 
mRBAs in the oocyte and in vitro.
Capped SP6PPChy, SP6PChy and SP6Chy RBAs were transcribed from the 
linearized pSPs* chymosin plasmids, described above, in the presence of 
m7GG capping dinucleotide (as described in the Methods, II.D.). When 
samples representing '/io of each transcription were electrophoresed on 
an agarose/TEA gel (see II.B.8 and D.2) these gave strong, discrete 
ethidium stained bands (see Fig. V.la), which indicated good yields of the 
RBAs. The incorporation of I32-P3GTP was estimated by determining the 
material binding to DE81 paper, as described in II.D.2. This showed that 
for each transcription reaction >80% of the theoretical maximum yield of 
RBA had been obtained in this experiment, and the calculated yields of 
the RBAs were - SP6PPChy, 2.8pg; SP6PChy, 2.9pg; SP6Chy, 3pg. As a further 
check samples of the recovered SP6 RBAs were electrophoresed on a 
denaturing formaldehyde-agarose/MOPS gel which was then dried and 
autoradiographed; this was kindly carried out by D. Drummond. As Figure 
V.lb shows most of the radiolabelled GTP is incorporated into a single 
band in each of the transcription reactions, and the relative sizes of 
these are as expected from the lengths of the three inserts; this 
indicated that predominantly full-length transcripts had been 
synthesized. Although in the SP6Chy transcription (Fig.V.lb, track 6) 
there is a smaller, less Intense radiolabelled band which could be a 
specific prematurely terminated transcript.
104
RNA - Ovd Chy PChy PPChy
éSK—»
F ig u re  V ,2  In vitro  t r * n « l a t i o n  o f SP6 RNAs e n c o d in g  p re p ro c h y e o s in ,  p ro c h y a o s in  end 
c h y a o s in
n ’GG-capped SP6PPChy, SP6PChy and SP6Chy RNAs » e re  s y n th e s iz e d  i n  vitro  as d e s c r ib e d  in  
F i g . V . l ,  and t r a n s la t e d  in  a, » h e a t  g e ra  c e l l- f r e e  s y s t e i  ( a t  8 n g , j i l  RNA) as  d e s c r ib e d  in  
I I . E . 2 ,  A l iq u o t s  ( 2 p l)  o f th e  i n  vitro  t r a n s l a t i o n s  » e re  s e p a ra te d  by SDS-PA6E on a 
1 2 .5X p o ly a c r y la m id e  g e l ( c ro s s  l i n k i n g  r a t i o  3 0 :0 ,8 2 5 )  (see  I I . F . 2 ) ,  F lu o ro g ra p h y  o f th e  
g e l »a s  c a r r i e d  o u t  u s in g  ' A a p l i f y '  ( Amersham), a nd  th e  d r ie d  g e l was th e n  e xposed  to  
p r e f la s h e d  X - ra y  s e n s i t i v e  f i l a  f o r  30h. The s a m p le s  shown a re  f r o a  t r a n s l a t i o n s  o f th e  
f o l lo w in g  RNAs: t r a c k  2 , no exogenous RNA; t r a c k  3  o v id u c t  nRNA (O vd ) ;  t r a c k  4 , SPGChy; 
t r a c k  5 , SP6PChy; and t r a c k  5 , SPÊPPChy, T ra c k  I c o n ta in s  r a d io la b e l le d  m a rk e r  p r o t e in s
(1 1 .  F , 2 ) .
V.C. Translation— La— Vitra and In_Xenopus Oocytes of_SP6 RHAs Encoding
Preprochymosin. Prochvmosin and Chymosin
The m7GG-capped SP6Chy, SPôPChy and SPôPPChy were translated in a 
wheat germ cell-free system (as described in II.E.2) and the translation 
products were separated by SDS-PAGE without immunoprécipitation. It has 
been shown that the initiation methionine is removed from polypeptides 
synthesized in vitro in cell-free systems (Housaan et al, 1970). Therefore, 
calculated from amino acid composition the expected sizes of the 
SPôPPChy, SPôPChy and SPôChy translation products are 42.4K, 40.SK and 
35.7K respectively. Judged by migration on the gel shown in Figure V.2 
the approximate size of the largest polypeptide band seen in the in vitro 
translation of each of the synthetic RHAs was as follows; SPôPPChy 42.5K 
(track 6), SPôPChy 42K (track 5), SPôChy 39.5K (track 4), but a number of 
other smaller bands were also seen. The diffuse smear across the gel 
around 20K is thought to be due to the use of the commercial fluorography 
agent 'Amplify'; it was only ever seen when a commercial single step 
fluorography agent was used with samples of in vitro translations which 
were electrophoresed without immunoprécipitation. It seems likely that the 
largest translation products of the chymosin SP6 RHAs are full-length 
preprochymosin, prochymosin and chymosin; the smaller species may be 
products of premature termination. It has been noted that a disadvantage 
of the wheat germ in vitro translation system is the tendency for 
incomplete translation products to be produced (Clemens,1984). This 
experiment demonstrated that each of the chymosin SP6 RHAs did produce a 
translation product in vitro, including the Chy construct which did not 
give a detectable protein product in the oocyte from the injected cDHA.
Xenopus oocytes were injected with capped SP6PPChy, SPôPChy and 
SPôChy, then cultured and fractionated as described previously (II.H.). 
Aliquots from the in vitro translations described above and samples of 
the injected oocyte fractions were immunopreclpltated with 
antiprochymosin antibodies (apC«*, see II.G), and the immunoprecipitated 
proteins were analysed by SDS-PAGE (Fig.V.3). The apparent molecular 
weight of the major polypeptide precipitated by apC«s from the wheat germ 
translations was 43.5K from SPôPPChy (track 5), 43K from SPôPChy (track 
6) and 39,5K from SPôChy (track 7), but some other smaller polypeptides 
were also precipitated. In contrast a single polypeptide species was 
precipitated by apC»« from the oocytes injected with the chymosin SPÔ 
RIAs, except in the secreted (S) fraction where several other bands were 
seen, but these were also present in the immunoprecipitated S sample of 
unlnjected oocytes (track 10). The injection of SPôPPChy resulted in the
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F ig u re  V .2  In v i t r e  t r a n s l a t i o n  o f SP6 RNAs e n co d ing  p re p ro c h y a o s in ,  p ro c h y a o s in  and 
c h y n o s in
« 7Sfi-capped SP6PPChy, SP6PChy and  SP6Chy RNAs w ere  s y n th e s iz e d  i n  vitro  as d e s c r ib e d  in  
F i g . V . l ,  and t r a n s la t e d  in  a » h e a t  g é ra  c e l l- f r e e  s y s t e »  ( a t  8 n g .p l RNA) as d e s c r ib e d  in  
I I , E , 2 , A l iq u o t s  ( 2 p l )  o f  th e  i n  vitro  t r a n s la t io n s  w e re  s e p a ra te d  by SDS-PA6E on a 
12 ,51  p o ly a c r y la m id e  g e l ( c ro s s  l i n k i n g  r a t i o  3 0 :0 ,8 2 5 )  ( s e e  1 1 ,F , 2 ) ,  F lu o ro g ra p h y  o f th e  
g e l was c a r r i e d  o u t  u s in g  ' A a p l i f y '  (A n e rs h a a ) ,  and t h e  d r ie d  g e l was th e n  exposed  to  
p r e f la s h e d  X - ra y  s e n s i t i v e  f i l a  f o r  3 0 h , The sam p les  show n a re  f r o a  t r a n s l a t i o n s  o f th e  
f o l lo w in g  RNAs: t r a c k  2 , no exogenous RNA; t r a c k  3 o v id u c t  aRNA (O v d ) ;  t r a c k  4 , SPEChy; 
t r a c k  5 , SPSPChy; and t r a c k  5 , SPEPPChy, T ra c k  1 c o n t a in s  r a d io la b e l le d  a a r k e r  p r o t e in s
(II. F,2),
V.C. Translation— In— Vitro and in Xenopus Qocvtes ai SP6 RNAs Encoding 
Preprochvmosin. Prochvmcisin and Chymosin
The m7GG-capped SPGChy, SP6PChy and SPôPPChy were translated in a 
wheat germ cell-free system (as described in II.E.2) and the translation 
products were separated by SDS-PAGE without immunoprécipitation. It has 
been shown that the initiation methionine is removed from polypeptides 
synthesized in vitro in cell-free systems (Housman et al,1970>. Therefore, 
calculated from amino acid composition the expected sizes of the 
SP6PPChy, SP6PChy and SP6Chy translation products are 42.4K, 40.8K and 
35.7K respectively. Judged by migration on the gel shown in Figure V.2 
the approximate size of the largest polypeptide band seen in the in vitro 
translation of each of the synthetic RHAs was as follows; SP6PPChy 42.5K 
(track 6), SP6PChy 42K (track 5), SP6Chy 39.5K (track 4), but a number of 
other smaller bands were also seen. The diffuse smear across the gel 
around 20K is thought to be due to the use of the commercial fluorography 
agent 'Amplify'; it was only ever seen when a commercial single step 
fluorography agent was used with samples of in vitro translations which 
were electrophoresed without immunoprécipitation. It seems likely that the 
largest translation products of the chymosin SP6 RHAs are full-length 
preprochymosin, prochymosin and chymosin; the smaller species may be 
products of premature termination. It has been noted that a disadvantage 
of the wheat germ in vitro translation system is the tendency for 
incomplete translation products to be produced (Clemens,1984). This 
experiment demonstrated that each of the chymosin SP6 RHAs did produce a 
translation product in vitro, including the Chy construct which did not 
give a detectable protein product in the oocyte from the injected cDHA.
Xenopus oocytes were injected with capped SP6PPChy, SP6PChy and 
SP6Chy, then cultured and fractionated as described previously (II.H.). 
Aliquots from the in vitro translations described above and samples of 
the Injected oocyte fractions were immunoprecipitated with 
antiprochymosln antibodies (apC««, see II.G), and the immunoprecipitated 
proteins were analysed by SDS-PAGE (Fig.V.3). The apparent molecular 
weight of the major polypeptide precipitated by apCw» from the wheat germ 
translations was 43.5K from SPOPPChy (track 5), 43K from SP6PChy (track 
6) and 39.5K from SP6Chy (track 7), but some other smaller polypeptides 
were also precipitated. In contrast a single polypeptide species was 
precipitated by apC»* from the oocytes injected with the chymosin SP6 
RHAs, except in the secreted (S) fraction where several other bands were 
seen, but these were also present in the immunoprecipitated S sample of 
uninjected oocytes (track 10). The injection of SPCPPChy resulted in the
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e xp re s s e d  f r o «  s y n t h e t ic  RNAs
itnopus  o o c y te s  w e re  in je c t e d  w i t h  a766-capped  SP6PPChy ( t r a c k s  1 3 - 1 5 ), SP6PChy ( t r a c k s  
14-19) and  SP6Chy ( t r a c k s  8 - 1 0 ) ,  o r  l e f t  u n in je c t e d  ( t r a c k s  1 - 3 ) ;  th e  o o c y te s  w ere  
c u l t u r e d  w i t h  C3* S ln e t h io n in e  and  f r a c t io n a t e d  as  d e s c r ib e d  p r e v io u s l y  ( H . H ) .  A l iq u o t s  
e q u iv a le n t  t o  2 o o c y te s  w e re  ta k e n  f r o «  each  c y to s o l (C )  a nd  a e « b ra n e  (M ) f r a c t i o n ,  and a 
sam ple r e p r e s e n t in g  t h e  p ro d u c ts  s e c re te d  b y  4 o o c y te s  w as ta k e n  f r o a  t h e  S f r a c t i o n s ;  
th e s e  s a a p le s  w e re  ia a u n o p r e c ip i t a t e d  w i t h  a n t ip r o c h y a o s in  (a p C « t, s ee  1 1 ,8 )  t o g e t h e r  w i t h  
s a n p le s  f r o a  t h e  w h e a t g e ra  t r a n s l a t i o n s  (8 6 )  o f t h e  s a n e  RNAs ( t r a c k s  S-7, 12 it 1 6 ) ,  
d e s c r ib e d  i n  F ig . V . 2 ,  The ia a u n o p r e c ip i t a te d  p r o t e in s  w e re  e le c t r o p h o re s e d  on a 
S O S - p o ly a c ry la a id e  g e l (9 X w/ v  a c r y la a id e  w i t h  a c ro s s  l i n k i n g  r a t i o  o f 3 0 : 1 , 6 ) ;  t h e  f i x e d  
g e l was f lu o ro g ra p h e d  b y  t h e  a e th o d  o f  B o nne r 6 L a s k e y ( 1 9 7 4 ) .  The f lu o ro g ra p h e d  g e l was 
exposed  t o  X - ra y  s e n s i t i v e  f i l e  f o r  7d ,
expression of a chymosin-specif ic product which is secreted from the 
oocyte (track 15) and within the oocyte is predoninately associated with 
the membrane and vesicles (track 14), with only a little detected in the 
cytosol fraction (track 13). The protein detected in, and secreted by, 
oocytes expressing SP6PPChy is the same size as the in vitro and oocyte 
translation product of SP6PChy (track 16 & 17), and is processed relative 
to the in vitro translation product of SP6PPChy (track 12). These results 
indicate that the preprochymosin expressed in the oocyte from the 
SP6PPChy RNA is translocated, processed and secreted by the oocyte, in 
agreement with the results obtained when preprochymosin was expressed in 
the oocyte from mRHA or the cloned PPChy cDHA (described and discussed 
in chapters III St IV). In addition results presented in chapter IV (IV.C St 
Fig. IV.4) showed that the product expressed in oocytes from SP6PPChy 
(which is derived from the cloned preprochymosin B gene) showed the same 
mobility on SDS-PAGE as the faster migrating species of the translocated 
prochymosin doublet expressed from the 'natural' preprochymosin mRHA; 
likewise the precursor seen on translation of SP6PPChy in vitro displayed 
the same migration as the mRNA primary in vitro translation product with 
the greater mobility on SDS-PAGE. The experiment shown in Fig.V.3 also 
clearly demonstrated that the signal-minus prochymosin expressed from 
SP6PChy in the oocyte is only present in the cytosol (track 17) and 
shows no association with membranes (track 18); hence even when the 
protein encoded by the PChy construct is well expressed in oocytes it is 
neither secreted (track 19) nor translocates the ER, thus confirming the 
earlier results discussed in chapter III. The injection of synthetic RHA 
transcribed from the Chy cDNA still gave no detectable chymosin 
translation product in oocytes (tracks 8-10).
It appears, therefore, that when Xenopus oocytes are injected with 
synthetic RHAs encoding preprochymosin, prochymosin and chymosin, the 
localisation of these polypeptides in Xenopus oocytes reflects that seen 
following injection of the corresponding cDIAs; and in the case of the 
synthetic SP6PPChy RSA, the preprochymosin expressed Is compartmented as 
the preprochymosin expressed from the authentic mRHA. The expression and 
compartmentallsatlon of preprochymosin and the two signal-minus 
derivatives in the oocyte was discussed fully in Chapters III and IV, 
firstly in relation to results published by others, and also in the 
context of the proposed study of the translocation of signal sequence 
mutants of preprochymosin. The results presented here are discussed 
further in V.E.
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F ig u re  V ,3  C o * p a r t » e n t a t io n  i n  t h e  o o c y te  o f p re p ro c h y o o s in ,  p ro c h y m o s in  and c h y e o s in  
e xp re s s e d  f r o *  s y n t h e t ic  RNAs
ie n o p u s  o o c y te s  w e re  in je c t e d  w i t h  * 766-capped  SP6PPChy ( t r a c k s  1 3 - 1 5 ), SP6PChy ( t r a c k s  
14-19) and  SP6Chy ( t r a c k s  8 - 1 0 ) ,  o r  l e f t  u n in je c t e d  ( t r a c k s  1 - 3 ); t h e  o o c y te s  w ere  
c u l t u r e d  w i t h  C3* S )m e th io n in e  and  f r a c t io n a t e d  as d e s c r ib e d  p r e v io u s l y  ( I I , H ) ,  A l iq u o t s  
e q u iv a le n t  to  2 o o c y te s  w ere  t a k e n  f r o *  each  c y to s o l (C ) and e e n b ra n e  (11) f r a c t i o n ,  and a 
s a n p le  r e p r e s e n t in g  t h e  p ro d u c ts  s e c re te d  b y  4 o o c y te s  was ta k e n  f r o *  t h e  S f r a c t i o n s ;  
th e s e  s a n p le s  w e re  i* » u n o p r e c ip i t a t e d  w i t h  a n t ip ro c h y a o s in  (apC»<, see  I I . 6 )  to g e th e r  w i t h  
s a n p le s  f r o *  th e  w h e a t g e r*  t r a n s l a t i o n s  (MG) o f th e  sa *e  RNAs ( t r a c k s  S-7 , 12 it 1 6 ) ,  
d e s c r ib e d  in  F ig . V . 2 ,  The in n u n o p re c ip i t a t e d  p r o t e in s  w e re  e le c t r o p h o re s e d  on a 
S D S - p o ly a c ry la « id e  g e l (9 X “ / v  a c r y la a id e  w i t h  a c ro s s  l i n k i n g  r a t i o  o f  3 0 : 1 , 6 ) ;  t h e  f i x e d  
g e l was f lu o ro g ra p h e d  b y th e  n e th o d  o f B o nne r 6 L a s k e y t 1 9 7 4 ), The  f lu o ro g ra p h e d  g e l was 
exposed  t o  X - ra y  s e n s i t i v e  f i lm  f o r  7d ,
expression of a chymosin-specif ic product which is secreted from the 
oocyte (track 15) and within the oocyte is predominately associated with 
the membrane and vesicles (track 14), with only a little detected in the 
cytosol fraction (track 13). The protein detected in, and secreted by, 
oocytes expressing SP6PPChy is the same size as the in vitro and oocyte 
translation product of SP6PChy (track 16 4 17), and is processed relative 
to the in vitro translation product of SP6PPChy (track 12). These results 
indicate that the preprochymosin expressed in the oocyte from the 
SP6PPChy RHA is translocated, processed and secreted by the oocyte, in 
agreement with the results obtained when preprochymosin was expressed in 
the oocyte from mRHA or the cloned PPChy cDHA (described and discussed 
in chapters III 4 IV). In addition results presented in chapter IV (IV.C 4 
Fig.IV.4) showed that the product expressed in oocytes from SP6PPChy 
(which is derived from the cloned preprochymosin B gene) showed the same 
mobility on SDS-PAGE as the faster migrating species of the translocated 
prochymosin doublet expressed from the 'natural' preprochymosin mRJIA; 
likewise the precursor seen on translation of SP6PPChy in vitro displayed 
the same migration as the mRNA primary in vitro translation product with 
the greater mobility on SDS-PAGE. The experiment shown in Fig.V.3 also 
clearly demonstrated that the signal-minus prochymosin expressed from 
SP6PChy in the oocyte is only present in the cytosol (track 17) and 
shows no association with membranes (track 18); hence even when the 
protein encoded by the PChy construct is well expressed in oocytes it is 
neither secreted (track 19) nor translocates the ER, thus confirming the 
earlier results discussed in chapter III. The injection of synthetic RHA 
transcribed from the Chy cDNA still gave no detectable chymosin 
translation product in oocytes (tracks 8-10).
It appears, therefore, that when Xenopus oocytes are Injected with 
synthetic RHAs encoding preprochymosin, prochymosin and chymosin, the 
localisation of these polypeptides in Xenopus oocytes reflects that seen 
following injection of the corresponding cDHAs; and in the case of the 
synthetic SP6PPChy RIA, the preprochymosin expressed is compartmented as 
the preprochymosin expressed from the authentic mRHA. The expression and 
compartmentalisation of preprochymosin and the two signal-minus 
derivatives in the oocyte was discussed fully in Chapters III and IV, 
firstly in relation to results published by others, and also in the 
context of the proposed study of the translocation of signal sequence 
mutants of preprochymosin. The results presented here are discussed 
further in V.E.
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F ig u re  V ,4  T r e n s U t io n  o f c h y n o s in  SP6 RNAs in  th e  p re s e n c e  o f  n ic r o s o n a l  v e s ic le s  
Capped SP6PPChy ( t r a c k s  3 - 6 ) ,  SP6PChy ( t r a c k s  8-11 ) and  SP6Chy ( t r a c k s  2 4 12-15)
t r a n s c r i p t s  (d e s c r ib e d  in  F i g . V . l )  » e r e  t r a n s la t e d  in  a w h e a t g e r *  c e l l- f r e e  s y s te e  in  th e  
absence ( - )  and p re s e n c e  ( + )  o f c a n in e  p a n c re a t ic  a ic ro s o a e s ,  a s  d e s c r ib e d  in  th e  M ethods 
(II,E ) .  F o l lo w in g  th e  t r a n s l a t i o n  p e r io d  a p o r t io n  was re n o v e d  f r o *  t h e  '+ '  a ic ro s o a e s  
t r a n s l a t i o n s  and  th e  n ic ro s o a e s  w e re  p e l le t e d  by c e n t r i f u g a t i o n ,  as  d e s c r ib e d  in  1 1 .E .3 ,  
A l iq u o t s  ( 6 j i l )  f ro a  t h e  u n t r e a t e d  and ’ + • a ic ro s o n e s  t r a n s l a t i o n s  and e q u iv a le n t
s a n p le s  o f  th e  s u p e rn a ta n t  ( S )  and p e l le t e d  (P) » a t e r i a l  w e re  a n a ly s e d  by 
ia n u n o p r e c ip i t a t io n  w i t h  a n t ip ro c h y e o s in  (apC*s, see  1 1 ,6 )  f o l lo w e d  b y SDS-PAGE on a
91 p o ly a c r y la a id e  g e l ( c ro s s  l i n k i n g  r a t i o  3 0 ¡ 1 . 6 ) , *  T ra c k  7 ( 0 )  i s  a s a n p le  o f th e
a p C m - p re c ip i ta te d  p r o t e in s  f r o *  th e  c y to s o l ic  f r a c t i o n  o f  o o c y te s  in je c t e d  w i t h  SP6PChy 
(see  F i g , V , 3 ) ,  T ra c k s  1 6 16 c o n ta in  e o le c u la r  w e ig h t  e a r k e r  p r o t e in s ,
V-D- In--Utra Translation Qi__Chvmosln SP6 RSAs in the ?re^nr.p nt
Microsomes
Further aliquots of the m 7GG-capped chymosin RSAs were translated 
in a wheat germ system in the presence and absence of pancreatic 
microsomes, as described in the Materials à Methods (II.E). SDS-PAGE 
analysis of the products expressed from oviduct and lactogen mRHAs 
translated under the same conditions showed that in the presence of 
microsomes processing of the prelysozyme and prelactogen precursors, 
encoded by these mRHAs, had taken place (not shown). It is expected that 
in the presence of the microsomal vesicles only the PPChy translation 
product will be translocated and processed; both the PChy and Chy 
polypeptides will remain (uncleaved) outside the microsomes After the 
translation period it was hoped to be able to show the specific 
translocation of the PPChy product into microsomes by separating the 
microsomes and associated proteins from the nontranslocated proteins in 
the translation mix. Part of the in vitro translations carried out in the 
presence of microsomes were layered on to a sucrose solution cushion, and 
these samples were centrifuged in an airfuge (see II.E.3); by this 
procedure proteins which are not translocated remain in the supernatant 
whilst the microsomal vesicles (and their contents) are pelleted. 
Antiprochymosin antibodies were used to immunoprecipitate chymosin 
polypeptides in the pelleted and supernatant material from the 
centrifuged samples, and also from equivalent portions of the untreated 
'+• and microsomes translation assay mixes; the lmmunoprecipitated
proteins were analysed by SDS-PAGE. In the case of the SP6 PPChy 
translation products it is expected that unprocessed preprochymosin will 
be detected in the supernatant fraction whilst translocated, signal- 
processed prochymosin will be pelleted with the microsomes; in the 
unfractionated '+■ microsomes sample both preprochymosin and prochymosin 
should be seen. Figure V.4 shows that in the centrifuged samples of the 
signal-sequence minus PChy and Chy products, which do not translocate 
the ER membrane, most of the prochymosin or chymosin is found in the 
supernatant (tracks 10 and 14), but a small proportion of these 
polypeptides were also detected in the pelleted microsomal fraction 
(tracks 11 and 15). Compared with these nontranslocated proteins, there 
was no pronounced association of the product expressed from SPôPPChy 
with the microsomes (see tracks 3, 5 & 6). This could reflect the 
observations that when prochymosin and chymosin polypeptides were 
synthesized in E.coll and yeast from specific cDIA constructs they, like 
the preprochymosin cDIA product, were found to be associated with the
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F ig u re  V .4  T r a n s la t io n  o f chym os in  SP6 RNfls in  th e  p re s e n c e  o f m ic ro so m a l v e s ic le s  
Capped SP6PPChy ( t r a c k s  3 - 6 ) ,  SP6PChy ( t r a c k s  8 - 1 1 )  and SP6Chy ( t r a c k s  2 4 12-15)
t r a n s c r ip t s  ( d e s c r ib e d  in  F i g , V , 1) w e re  t r a n s la t e d  i n  a w hea t germ  c e l l- f r e e  s ys te m  in  th e  
absence (- )  and p re s e n c e  (+ )  o f c a n in e  p a n c re a t ic  m ic ro so m e s , as d e s c r ib e d  in  th e  M ethods 
( 1 1 ,E ) ,  F o l lo w in g  th e  t r a n s l a t i o n  p e r io d  a p o r t io n  was rem oved  from  th e  '+ '  m ic rosom es 
t r a n s la t i o n s  and th e  m ic rosom es w e re  p e l le t e d  by c e n t r i f u g a t i o n ,  as  d e s c r ib e d  in  I I , E , 3 . 
A l iq u o t s  < 6 p l)  f ro m  th e  u n t r e a te d  and '+ '  m ic ro som es  t r a n s l a t i o n s  and e q u iv a le n t
sam p les  o f th e  s u p e rn a ta n t  (S )  and p e l le t e d  (P )  m a t e r ia l  w e re  a n a ly s e d  by 
im m u n o p ré c ip i ta t io n  w i t h  a n t ip ro c h y m o s in  (apCn>, s e e  1 1 ,6 )  fo llo w e d  by SDS-PAGE on a
9J p o ly a c r y la m id e  g e l ( c ro s s  l i n k i n g  r a t i o  30 ; 1 , 6 ) ,  • T ra c k  7 ( 0 )  i s  a sam p le  of th e
e p C R s - p re c ip ita te d  p r o t e in s  fro m  th e  c y to s o l ic  f r a c t i o n  o f o o c y te s  in je c t e d  w i t h  SPSPChy 
(s e e  F i g , V ,3 ) ,  T ra c k s  1 4 16 c o n ta in  m o le c u la r  w e ig h t  m a rke r p r o t e in s .
V-D- i f l Yitra Translation Ot Chvmosin SPb RSAs in  th e  P r e s e n t  nt
tticrosoaes
Further aliquots of the m7GG-capped chymosin RKAs were translated 
in a wheat germ system in the presence and absence of pancreatic 
microsomes, as described in the Materials & Methods (II. E). SDS-FAGE 
analysis of the products expressed from oviduct and lactogen mRSAs 
translated under the same conditions showed that in the presence of 
microsomes processing of the prelysozyme and prelactogen precursors, 
encoded by these mRMAs, had taken place (not shown). It is expected that 
in the presence of the microsomal vesicles only the PPChy translation 
product will be translocated and processed; both the PChy and Chy 
polypeptides will remain (uncleaved) outside the microsomes After the 
translation period it was hoped to be able to show the specific 
translocation of the PPChy product into microsomes by separating the 
microsomes and associated proteins from the nontranslocated proteins in 
the translation mix. Part of the in vitro translations carried out in the 
presence of microsomes were layered on to a sucrose solution cushion, and 
these samples were centrifuged in an airfuge (see II.E.3); by this 
procedure proteins which are not translocated remain in the supernatant 
whilst the microsomal vesicles (and their contents) are pelleted. 
Antiprochymosin antibodies were used to immunoprecipitate chymosin 
polypeptides in the pelleted and supernatant material from the 
centrifuged samples, and also from equivalent portions of the untreated 
'+■ and microsomes translation assay mixes; the immunoprecipitated
proteins were analysed by SDS-PAGE. In the case of the SP6PPChy 
translation products it is expected that unprocessed preprochymosin will 
be detected in the supernatant fraction whilst translocated, signal- 
processed prochymosin will be pelleted with the microsomes; in the 
unfractionated *+• microsomes sample both preprochymosin and prochymosin 
should be seen. Figure V.4 shows that in the centrifuged samples of the 
signal-sequence minus PChy and Chy products, which do not translocate 
the ER membrane, most of the prochymosin or chymosin is found in the 
supernatant (tracks 10 and 14), but a small proportion of these 
polypeptides were also detected in the pelleted microsomal fraction 
(tracks 11 and 15). Compared with these nontranslocated proteins, there 
was no pronounced association of the product expressed from SPbPPChy 
with the microsomes (see tracks 3, 5 4 6). This could reflect the 
observations that when prochymosin and chymosin polypeptides were 
synthesized in E.coli and yeast from specific cDMA constructs they, like 
the preprochymosin cDHA product, were found to be associated with the
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membranes and cell wall and did not remain free in the cytosol (Emtage 
et al, 1983; Hishimori et al,1984; Hellor et al, 1983; Goff et aJ,1984; 
discussed in I.D.3 & 4); although my own work has shown the PChy
prochymosin product is not associated with membranes in oocytes. However 
it is not at all clear from the gel in Fig.V.4 that any cleavage of 
preprochymosin occurred in the •+' microsomes translation of SP6PPChy 
(track 3), to indicate that translocation of the precursor has taken 
place; although as noted above both prelysozyme and prelactogen were seen 
to be processed by microsomes in this experiment. Therefore further 
experiments are required tc characterise the translocation and processing 
of preprochymosin expressed from in vitro synthesized SP6 RHA (see V.E).
V.E. Discussion
The results described in this chapter showed the in vitro
synthesized 'SP6 RHAs' provide an improved means of expressing foreign 
proteins encoded by cloned genes in Xenopus oocytes, and studying the 
compartmentation of such polypeptides. In the oocyte the localisation of 
prochymosin expressed from the PPChy and PChy capped synthetic RHAs was 
the same as that seen following injection of the corresponding cDNAs
contained in the pTKi vector (described in Chapter III). As anticipated
the translation product of the SP6PPChy RHA was segregated, cleaved and 
secreted in a manner analagous to the products expressed in oocytes from 
preprochymosin cDHA and mRHA (see Chapters III & IV). In contrast to the 
poor and variable expression seen from the PChy cDHA, the injection of 
PChy SP6 RHA resulted in the expression of readily detectable amounts of 
prochymosin in the oocyte, but the prochymosin was still only found in 
the cytosol and showed no association with the membrane and vesicle 
fraction of the oocyte; this was the expected localisation of this signal- 
minus prochymosin construct.
The results of this chapter also showed that the Chy construct was 
capable of generating a chymosin product when the SP6Chy RHA was 
translated in vitrxr, but injection of the Chy RHA into oocytes gave no 
detectable chymosin protein. Unless the SP6Chy transcript is considerably 
less stable in the oocyte than the SP6PChy or SPGPPChy RHAs (which could 
be examined), it is likely that the failure to detect the chymosin 
translation product in vivo is a consequence of the Instability of 
chymosin in the cytoplasm of the oocyte, possibly due to the instability 
of chymosin at a pH>5.0 (as discussed in Chapter III).
In terms of the proposed mutagenesis of the signal sequence of 
preprochymosii^hese results reveal a serious limitation to the oocyte as
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membranes and cell wall and did not remain free in the cytosol (Emtage 
et ¿1,1983; Hishimori et ¿1,1984; Mellor et ¿1,1983; Goff et ¿1,1984; 
discussed in I.D.3 & 4); although my own work has shown the PChy
prochymosin product is not associated with membranes in oocytes. However 
it is not at all clear from the gel in Fig.V.4 that any cleavage of 
preprochymosin occurred in the •+• microsomes translation of SP6PPChy 
(track 3), to indicate that translocation of the precursor has taken 
place; although as noted above both prelysozyme and prelactogen were seen 
to be processed by microsomes in this experiment. Therefore further 
experiments are required tc characterise the translocation and processing 
of preprochymosin expressed from in vitro synthesized SP6 RNA (see V.E).
V.E. Discussion
The results described in this chapter showed the in vitro
synthesized 'SP6 RHAs' provide an improved means of expressing foreign 
proteins encoded by cloned genes in Xenopus oocytes, and studying the 
compartmentation of such polypeptides. In the oocyte the localisation of 
prochymosin expressed from the PPChy and PChy capped synthetic RHAs was 
the same as that seen following Injection of the corresponding cDHAs
contained in the pTK* vector (described in Chapter III). As anticipated
the translation product of the SP6PPChy RHA was segregated, cleaved and 
secreted in a manner analagous to the products expressed in oocytes from 
preprochymosin cDHA and mRHA (see Chapters III 4 IV). In contrast to the 
poor and variable expression seen from the PChy cDHA, the injection of 
PChy SP6 RHA resulted in the expression of readily detectable amounts of 
prochymosin in the oocyte, but the prochymosin was still only found in 
the cytosol and showed no association with the membrane and vesicle 
fraction of the oocyte; this was the expected localisation of this signal- 
minus prochymosin construct.
The results of this chapter also showed that the Chy construct was 
capable of generating a chymosin product when the SP6Chy RHA was 
translated in vitro-, but injection of the Chy RHA into oocytes gave no 
detectable chymosin protein. Unless the SP6Chy transcript is considerably 
less stable in the oocyte than the SP6PChy or SP6PPChy RHAs (which could 
be examined), it is likely that the failure to detect the chymosin 
translation product in vivo is a consequence of the instability of 
chymosin in the cytoplasm of the oocyte, possibly due to the Instability 
of chymosin at a pH>5.0 (as discussed in Chapter III).
In terms of the proposed mutagenesis of the signal sequence of 
preprochymosli^hese results reveal a serious limitation to the oocyte as
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an in vivo system in which to study the compartmentation of mutant 
polypeptides derived from secretory proteins. It is difficult to predict 
the effect of even the most innocuous amino acid change on the likely 
stability of the protein in vivo. It is expected that certain signal
sequence mutants will be unable to initiate translocation across the ER
membrane and these will remain in the cytoplasm when expressed in the
oocyte. It has been reported that if secretory protein precursors are
injected into Xenopus oocytes the presence of a cleavable signal sequence 
appears to make the miscompartmentalised protein unstable in the oocyte 
cytosol (Lane et al, 1983). Although the results with the SPbPChy RHA 
suggest that the cytoplasmically localised prochymosin can be detected, 
it remains to be seen whether mutant preprochymosin precursors with
functionally defective signal sequences will be detected when expressed 
in Xenopus oocytes from SP6 RHAs, or whether the presence of the 
uncleaved mutant signal peptide leads to their rapid degredation. It would 
be possible to carry out experiments to test the stability in the oocyte 
cytoplasm of the wild-type preprochymosin and prochymosin proteins by 
injecting the radiolabelled in vitro translation products of SP6PPChy and 
SP6PChy. Similarly once signal sequence mutants of preprochymosin were
generated mutant precursors could be translated in vitro from SP6
transcripts and injected into oocytes to study their rate of degredation,
particularly if it was found that, like the Chy construct, no chymosin- 
specific product could be detected from these mutants when expressed in 
the oocyte from SP6 RHAs. Thus we may anticipate that signal mutagenesis 
will generate a number of nontranslocating preprochymosins only some of 
which would be stable enough in the oocyte to reveal their in vivo 
phenotype. However, as noted previously (I.E) it is proposed to complement 
studies on the translocation of preprochymosin signal sequence mutants in 
the oocyte with in vitro translation translocation assays using 
reconstituted systems.
Preprochymosin (without its initiation methionine) has a molecluar 
weight 1,600 larger than than prochymosin, which has a molecular weight 
of 40,600; and it had been expected that the precursor and signal- 
processed proteins would be easily resolved on SDS-PAGE. However it had 
been found in the experiments on the expression of preprochymosin mRHA 
(described in Chapter IV) that judging by migration on SDS-PAGE both 
precursors encoded by the mRHA showed an apparent size reduction of only 
1,000 on cleavage following translocation both in the oocyte and in vitro. 
Similarly in work with two preprochymosin/lysozyme fusion proteins which 
contained the signal peptide region of preprochymosin, the precursor and
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cleaved forms displayed mobilities on SDS-PAGE consistent with a 
molecular weight difference of approx. 1,000 (described in the next 
chapter, VI). In the experiments carried out in Chapter IV the 
preprochymosin and prochymosin proteins expressed from the mRHA were 
found to be most clearly resolved on a 9% polyacrylamide gel containing 
30% acrylamide: 1.6% bisacrylamide. Although gels of this composition were 
also used for the experiments shown in Figures V.2 and V.3 the difference 
in migration of preprochymosin and prochymosin was less marked than had 
been observed previously <ie see Figs.IV.2 & IV.4); perhaps reflecting 
differences in the running conditions, although it was tried to keep these 
constant. It may be that through further tests a different gel 
composition could be found which would provide a more marked resolution 
of preprochymosin and prochymosin.
It had been hoped to be able to use signal peptide cleavage as an 
indicator for determining whether signal sequence mutants of 
preprochymosin were capable of initiating translocation either in the 
oocyte or in vitro, but as noted above this is not so readily assayed by 
electrophoresis of the chymosin proteins on SDS-polyacrylamide gels of 
the type used. It is also noted that preprochymosin signal sequence 
mutants may have a different migration on SDS-PAGE from wild-type 
preprochymosin and this could reduce further the mobility difference 
between the precursor and signal-processed forms of the protein. As 
mentioned earlier, certain mutations towards the carboxyl end of the 
signal peptide may destroy the signal peptidase recognition and cleavage 
site although the signal sequence function is not abolished. Hence the 
translocation of these mutants will initiated but the preprochymosin 
precursors will not be processed; it is possible also that in the absence 
of signal processing translocation may not be completed (eg Schauer 
et al, 1985; discussed in I.B.3 and VI.F.2). Owing to the poor resolution of 
preprochymosin and prochymosin by SDS-PAGE and the possibility of signal 
sequence mutations affecting signal processing without abolishing 
translocation, other means are required to assay for translocation of 
preprochymosin.
It was thought that the separation of the microsomal vesicles from 
in vitro translation translocation assays, as described in V.C, could 
provide a means of distinguishing nascent proteins which were 
translocated in vitro. However in the experiment shown in Fig.V.4 the 
pelleted microsomes showed no enrichment of the translocated SP6PPChy 
product. It appears therefore that the resistance of translocated proteins 
to digestion by exogenous proteases will need to be used as the main
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criterion for discriminating which products of wild-type and mutant 
preprochymosin SP6 RHAs are translocated when microsomes are present 
during translation in vitro. Experiments described in Chapter IV involved 
protease resistance assays to determine which proteins encoded by 
preprochymosin mRNA were translocated in vitro. It was found in these 
experiments that the conditions required to show protease protection 
varied according to the nature and amount of protein synthesized, and 
visualising the protected protein bands on a gel required a long exposure 
autoradiograph. Whilst the experiments described in IV,C did show the 
protease resistance of the two translocated prochymosins it is hoped that 
further modifications of the experimental conditions could improve the 
procedure for detecting translocated prochymosin; firstly to confirm the 
translocation of wild-type preprochymosin encoded by SP6PPChy, and to 
provide a convenient and clear means of determining the translocation 
phenotype of signal sequence mutants of preprochymosin in vitro. However, 
no further experiments were carried out at this stage towards optimising 
the protease resistance assay for preprochymosin, using the PPChy RHA 
and the PChy signal-minus derivative.
v.F. Summary
When Xenopus oocytes were injected with capped SP6PPChy RHA, 
transcribed in vitro from cloned preprochymosin B cDHA, the
immunospecific product expressed was translocated and secreted by the 
oocytes in a manner similar to preprochymosin expressed in the oocyte 
from preprochymosin cDHA or from 'natural' preprochymosin mRHA. 
Consistent also with previous results, the protein secreted from oocytes 
injected with synthetic PPChy RHA was processed relative to the 
full-length primary translation product expressed when SP6PPChy was 
translated in vitro-, and the processed PPChy product showed the same 
mobility on SDS-PAGE as the translation product of SP6PChy, which 
encodes prochymosin without the signal sequence. These results indicate 
that preprochymosin contains a signal sequence which directs its 
translocation across ER membranes in Xenopus oocytes, with cleavage of 
the signal peptide occurring; irrespective of whether the precursor is 
expressed from synthetic or authentic RHA, or cDHA.
Whereas nuclear Injection of the PChy cDHA had only ever given very 
poor expression of a prochymosin protein in oocytes, the cytoplasmic 
injection of the corresponding PChy SP6 RHA resulted in the clear cut 
detection of a prochymosin polypeptide which was localised exclusively in 
the cytoplasm of the oocyte. This confirmed that in the absence of a
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signal sequence prochymosln will not translocate the ER. As expected 
there was no difference in the size of the in vitro and in vivo 
translation product of SP6PChy, and either can provide a marker for the 
protein produced when the signal sequence is cleaved from preprochymosin. 
Whilst in vitro translation of SP6Chy encoding methionyl-chymosin 
produced a polypeptide of approx. 39K, which was immunoprecipitated by 
antibodies raised against prochymosin, no chymosin-specific polypeptide 
was detected following injection of capped SP6Chy RNA into Xenopus 
oocytes.
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-RESULTS ft DISCUSS IOM-
VI..THE EXPRESSIQB QE CHYMQSIB FUSIQB PRQTEIHS - ARE EUKARYOTIC SIGEAL 
SEQUENCES AUTONOMOUS?
VI.A. Introduction
When the work of this thesis was initiated the question still 
remained open as to whether all the Information for translocation of a 
nascent protein across the HR membrane was contained within the signal 
sequence of eukaryotic secretory proteins. I felt it was important to 
establish whether eukaryotic signal sequences function autonomously in 
their role of acting as the signal for translocation across the ER 
membrane. It would be pertinent to the interpretation of results obtained 
with signal sequence mutants to know if nontranslocated mutant 
precursors could be regarded as being solely a consequence of altering 
the conformation of the signal peptide as a self-contained unit, or 
whether the effect of disruption of interactions between the signal 
peptide and the mature part of the protein were also to be considered.
In 1981 Engelman A Steltz had proposed the 'Helical Hairpin 
Hypothesis' for the insertion of proteins into and across membranes. A 
key postulate of this hypothesis was that, as the initial event in the 
translocation of a protein, the hydrophobic signal peptide specifically 
interacts with polar portions of the protein to form a helical hairpin 
structure. Thus according to this hypothesis the signal peptide region of 
a secretory protein precursor does not function as a self-contained unit 
in the process of translocation. Engelman ft Steltz also envisaged the 
formation of the proposed hairpin conformation enabled the spontaneous 
partitioning of the nascent polypeptide chain into the membrane, without 
the participation of membrane receptors or transport proteins. On the 
other hand the concept of cotranslational translocation included in the 
Signal Hypothesis (Blobel ft Dobberstein, 1975a; see I.A.2) tended to 
support the idea of the functional autonomy of eukaryotic signal 
sequences (see below). Although it is noted that a modification of the 
original Signal Hypothesis introduced the idea that the I-termlnal or 
internal signal sequence of secretory and membrane proteins inserted into 
the ER membrane as part of a looped structure (ie Blobel,1980, see 
Fig.1.2). These concepts were Included in the Theory of Topogenic 
Sequences, proposed by Blobel in 1980, which postulated that protein 
sorting signals in general would be discrete, positively-acting units (see 
Introduction B.I.).
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The experimental data concerning the signal sequence for 
translocation was not in complete agreement with the above hypotheses. At 
the outset of the work presented here there was accumulating experimental 
evidence for the involvement of specific ER membrane proteins in the 
translocation of nascent polypeptides (ie Walter 4 Blobel,1980; Meyer 4 
Dobberstein, 1980a and b; see Introduction I.A.2). As outlined in the 
Introduction (I.A.2.) the current data on the translocation of eukaryotic 
secretory proteins had been largely derived from la vitro systems and 
this supported the idea of an obligate coupling of translocation to 
translation. These in vitro experiments led then to an updating of the 
Signal Hypothesis in which it was proposed that when the signal sequence 
of the nascent secretory protein emerged from the ribosome it interacted 
with SRP in the cytoplasm and translation was arrested until the SRP 
'docked' with the SRP Receptor in the RER membrane, resulting in a release 
of the elongation arrest and completion of translation concomitant with 
translocation of the nascent polypeptide chain across the ER membrane 
(see Figure I.2>. Signal processing would take place as the signal
cleavage site was exposed to the signal peptidase on the lumenal side of
the ER membrane. In such a scenario no interaction can occur between the 
signal sequence and other regions of the nascent polypeptide prior to 
translocation. However more of the published material at that time 
concerning the structure and function of the signal sequence related to 
prokaryotic secretory proteins. Whilst there were reports that the 
transfer of the leader peptide region of a prokaryotic secretory protein 
to a nonsegregating protein resulted in translocation of the hybrid 
protein (eg Kichaelis 4 Beckwith,1982), there were also several results 
which indicated that the leader peptide alone was not sufficient to 
direct the translocation of all prokaryotic proteins (le Moreno
et aJ,1980; reviewed in Oliver,1985a; and see I.A.5 and I.B.2). In addition 
there was evidence that in prokaryotes translocation was not obligatorily 
coupled to translation, but that the leader peptide and part or all of the 
mature protein sequence could be synthesized before translocation
commenced (Joeefsson 4 Randall,1981>; such a situation enables 
interactions to be set up between the signal sequence and other regions 
of the protein, and these could be important for the process of 
translocation. However, it was not clear to what extent the situation in 
prokaryotes reflected the process of translocation across the ER in 
eukaryotes. Furthermore it was also not known whether the tight coupling 
of translocation to translation seen in eukaryotic in vitro systems 
provided an accurate model for the mechanism la vivo.
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To determine whether a eukaryotic signal peptide was a self 
contained unit which could function when transferred to another 
eukaryotic protein, it was decided to construct a hybrid cDHA in which 
the region coding for the signal sequence of one secretory precursor was 
fused to cDHA encoding the mature, signal-processed region of another 
secretory protein; the translocation of this chimaerlc protein would then 
be examined, initially using the oocyte in vivo system described in 
Chapter III, and later in vitro using synthetic 'SP6 RHAs'. This strategy 
of creating a hybrid from two secretory proteins was adopted to avoid 
problems arising from a region of the hybrid molecule having a structure 
which could be nonpermissive for translocation across a membrane. Such 
problems had been encountered with prokaryotic signal sequence fusions 
Involving the cytosolic protein 3-galactosidase (encoded by the lac Z 
gene) as the 'recipient' part of the hybrid to which a signal sequence 
region was fused (see Xlchaells & Beckwith, 1982; Silhavy et al, 1983).
VI.B. Construction of C«L cDHA Encoding a Fusion Protein in Which the
signal Sequence of PraprochynoBln Replaces the Signal_Peptide ol
Prelysozyae
An examination of the DHA and amino acid sequences of the 
preprochymosin and prelysozyme clones we had in the laboratory (Harris 
et al,1982; Jung et aJ,1980) showed that it was possible to construct a 
fusion gene which encoded a hybrid protein in which the signal sequence 
and first 7 amino acids of lysozyme were replaced by the signal peptide 
region plus the fir6t 6 residues of prochymo6in. The fusion gene was 
accordingly termed C«L and the primary translation product it encodes, 
preC*L, has an expected molecular weight of Hr = 15,900 (including the 
initiation methionine) which on correct cleavage of the chymo6in signal 
peptide would result in the processed protein C«L, Xr=14,200. It is 
anticipated that in the chimaerlc polypeptide the preprochymo6ln 
sequences Involved in the signal peptidase recognition site would be 
Intact and therefore processing of the signal peptide on translocation is 
possible (Perlman A Halvorson,1983; Von Heijne,1983 and 1984a; see 
Introduction I.A.2). It has been shown that signal-processed secretory 
proteins, including lysozyme, are not secreted or sequestered into the ER 
when injected into Xenopus oocytes (Lane et al,1979; Lane et aJ,1980).
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VI.B.l Construction of pTLCcLt
Figure VI.1. shows the strategy employed to generate the plasmid 
pTKjC«L+, In which the C«L chinaeric cDIA is Inserted in the expression 
vector pTKaj this figure also gives the nucleotide and anino acid 
structure of the preprochymo6in/lysozyme fusion region. When the work 
described in this chapter was started the SP6 vectors were not yet 
available in the laboratory, therefore the fusion gene was constructed in 
the pTK» vector for expression in oocytes. The sequence of the
prelysozyne and preprochymosin cDIAs meant that there was no need to use 
oligonucleotide linkers to ensure the two coding regions were in the saae 
reading fraae; this was advantageous since it avoided any problems in 
introducing 'foreign' amino acids into the fusion, giving rise to a 
sequence of residues not present in either of the constituent secretory 
proteins. As shown in Fig.VI.l transformants were selected which 
displayed the expected restriction fragments of pTK*C«L+ on digestion of 
plasmid DIA with the following enzymes: i)JHlndlll 11) Bam/// UDAccI A 
SstI iv)J?saJ. The first three digests check the restriction sites used in 
the construction of the plasmid. In particular the Sam/// site is 
maintained in the C«L insert if the DIA manipulations have occurred as 
shown in Fig .VI. lj the presence of this restriction site is a good
indication that the fusion Join between the preprochymo6in and lysozyme 
cDIAs is correct and, therefore, the lysozyme coding sequence will be in 
the same reading frame as the preprochymosln signal peptide.
VI.B.2 DIA sequencing of the signal sequence and fusion regions of C*L
The nucleotide sequence at the Junction between the preprochymosin 
and lysozyme cDIA6 in C«L was later checked by DIA sequencing using the 
113 vectors and the dideoxy chain termination method of Sanger
et al(1977) as described in the Materials A Methods (II.C.). The C«L 
Insert was excised from pTK»C«L+ using the restriction endonuclease 
Hlndlll, and this fragment was then cloned into the Hlndlll site of 
M13mpl0. Figure VI.2 shows the partial sequence of a recombinant in which 
the chymosln sequences in the fusion were nearest to the sequencing
primer site, and the sequence of bases read from the gel corresponded to 
the coding strand of C«L. This sequence data confirmed that the fusion 
between the preprochymosln and lysozyme coding regions was correct 
(Flg.VI.2b>. The sequencing of the 5' part of the coding strand of C«L 
also provided an opportunity to verify the nucleotide sequence of the 
preprochymosln signal peptide; however one nucleotide in this region 
(marked with an asterlx in Flg.VI2.a A b> did not agree with the
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Figure VI,2 Partial DNA sequence of the fusion gene C«L
DNA encoding the hybrid protein CsL (described in Fig,VI,1) was cloned into the Hindlll 
site of the MI3 vector mplO, and the nucleotide sequence of the C*L insert was determined 
using the 'dideoxy' chain termination method of Sanger et a/(1977), The products of the 4 
sequencing reactions were separated, in the order shown (TCAG), by electrophoresis on an 
ultra-thin denaturing urea/polyacrylamide gel for (a) 90min (b) 195min, The fixed gel was 
dried onto 3MH paper then exposed at room temperature to X-ray film for !6h, The Ml3 
cloning and sequencing techniques were carried out as described in the Materials 4 Methods 
(II,C).
The sequence of bases read upwards from the bottom of the gel corresponds to the 5'-a3' 
nucleotide sequence of the C*L coding strand, The Hindlll cloning site, and the BaeHl site 
at the junction of the preprochymosin and lysozyme DNAs are marked, The aste.rix I marks 
the nucleotide which differs to the published preprochymosin 6 cONA sequence (Harris 
et al, 1982), and the arrow ,t, indicates the first nucleotide in the fusion derived from 
the lysozyme cDNA, To give clarity to the bands seen on the autoradiograph different areas 
of the photograph were exposed for different durations during printing.
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Figure VI,2 Partial DNA sequence of the fusion gene C«L
DNA encoding the hybrid protein CsL (described in Fig,VI,)) was cloned into the Hindlll 
site of the MI3 vector mp10, and the nucleotide sequence of the CsL insert was determined 
using the 'dideoxy' chain termination method of Sanger et ¿70977), The products of the 4 
sequencing reactions were separated, in the order shown (TCAG), by electrophoresis on an 
ultra-thin denaturing urea/polyacrylamide gel for (a) 90min (b) 195»in, The fixed gel was 
dried onto 3MM paper then exposed at room temperature to X-ray film for 16h, The M13 
cloning and sequencing techniques were carried out as described in the Materials 4 Methods 
(II, C),
The sequence of bases read upwards from the bottom of the gel corresponds to the 5'-*3' 
nucleotide sequence of the C*L coding strand, The Hindlll cloning site, and the BanHI site 
at the junction of the preprochymosin and lysozyme ONAs are marked. The asterix * marks 
the nucleotide which differs to the published preprochymosin B cDNA sequence (Harris 
et ¿7,1982), and the arrow ,k, indicates the first nucleotide in the fusion derived from 
the lysozyme cDNA, To give clarity to the bands seen on the autoradiograph different areas 
of the photograph were exposed for different durations during printing,
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published sequence of the preprochymosin cDBA which we were using, 
cloned at Celltech (Harris et aJ,19S2). According to Harris et al the 
penultimate codon of the signal sequence is CAA, whilst from my own 
sequence data it is CAG. Although both are codons for glutamine this 
apparent difference in the nucleotide sequence would be important when 
considering the site specific mutagenesis of the preprochymosin signal 
sequence (see Chapter VII). On all occasions when determining the DBA 
sequence of fusion constructs containing the prochymosln signal sequence 
(C«L and C«aL) and the preprochymosin cDBA (the 'PPChy' insert, described 
in III.E.), the nucleotide sequence of the signal peptide of preprochymosin 
was consistently found to be the same as that shown in Fig.VI.2.
The position of the above discrepancy in the preprochymosin signal 
sequence corresponds to one of the six differences noted by Xoir 
et a1 (1982) between the nucleotide sequence of the preprochymosin cDBA 
these workers had Isolated and that reported for the gene cloned by 
Harris et al(1982) (see Introduction Table 1.1 and section I.D.2); both 
Xoir et al and Harris et al used the chemical cleavage method of Xaxam & 
Gilbert(1980) to determine the DBA sequence of their clones. Like myself 
Xoir et al found this codon of the signal peptide is CAG. Xoir et al 
comment that this glutamine codon lies in one of the regions of the DBA 
in which only one strand was sequenced by Harris et al, and also Involves 
nucleotides which would be modified as part of EcoRII recognition 
sequences. They suggest that the nucleotide discrepancy at this position 
is more likely to represent a modified cytosine residue which was 
mlsldentlfied by Harris et al, than a true allelic difference between the 
two cDBAs - the preprocbymosln B gene cloned by Harris et a1 (1982) and 
the preprochymosin A gene which Xoir et al(l982) had characterised. Ky 
own results with the Harris et al preprochymosin B cDBA support this 
suggestion made by Xoir et all1982).
VI.B.3 Expression in Zeatopus oocytes of pTKiC«L+ encoding the chimaeric 
protein C*L
The plasmid pTK*C«L+ was injected into the nucleus of oocytes which 
were then cultured and analysed as described previously (II.H. and III.C.), 
using anti-lysozyme sera to lmmunoprecipitate any C«L present in the 
oocyte fractions. Several early experiments showed that injection of 
pTK2C«L+ into oocytes only ever resulted in very poor expression of a 
detectable translation product. Using Si analysis Dr. Linda Tabe carried 
out an analysis of the transcripts initiating at the vector TK promoter 
in oocytes injected with pTK» constructs, including pTK2C«L+. This showed
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Figure VI,3 Expression of the fusion protein C«L folloeing injection of DNA into Xenopus 
oocytes
Xenopus oocytes «ere injected with pTK2CsL+ (tracks 2-4) or pTK»Lys+ (tracks 5-7) plaseid 
ONA, and soee «ere left uninjected as controls (tracks 8-10), The oocytes «ere incubated 
•ith (MSeethionine for 24h, then the aedia containing secreted proteins «as retained 
(S fraction) and the oocytes «ere fractionated into cytosolic (C) and eeabrane (H) 
associated proteins, as described in the Hethods (II,H), Saeples of the fractions »ere 
ieeunoprecipitated »ith antibodies to lysozyee, and the precipitated proteins »ere 
analysed by SDS-PA6E on a gel containing 12,51 polyacrylaeide (30:0,825 cross-linked) as 
described in II, F, The C and H saeples represent the products ieeunoprec ipitated froe 
1 oocyte and the S saaple 2.5 oocytes. The figure shoes an autoradiograph of the 
fluorographed gel exposed to preflashed X-ray file for 7d. Track 1 shoes the 30,000 and 
14,300 eolecular «eight Barker proteins (see II.F,2),
that large amounts of transcripts initiated at the TK promoter were 
present in the cytosol of oocytes injected with pTK2C«L+ (see Fig.7, Krieg 
et al, 1984 in Appendix). Hence it was known that in the oocyte this 
construct was capable of generating specific transcripts from the TK 
promoter; however the probe used in these experiments to detect the 
transcripts was a general one and did not extend beyond the Hiadlll 
cloning site into the Insert, so no information was obtained on the 
length of these transcripts. However it appeared that pTK2C«L+ was 
expressed in oocytes at the level of RHA, in a similar manner to other 
plasmids from which protein products had been detected (le pTK2PPChy+ 
(pTK282+>, see Fig.7 Krieg et aJ,1984 and II1.E A F). Furthermore, the 
possibility that an error had occurred in the construction of pTK2C«L+, 
with the effect that the preprochymo6ln and lysozyme reading frames were 
not in phase, had been eliminated by the DBA sequence analysis of the 
preprochymo6ln/lysozyme Junction, described in the previous section (B.2).
The initial difficulty in demonstrating unequivocally either the 
expression of the hybrid C«L protein or its localisation in oocytes 
raised the possibility that the signal sequence of preprochymoeln was not 
sufficient to direct the translocation of C«L and therefore the hybrid 
protein remained in"the oocyte cytosol where it was rapidly degraded; in 
a situation similar to that encountered with the expression in oocytes of 
pTK2PChy+ and pTKjChyt, which encode truncated chymo6lns lacking the 
signal peptide region (see III.E & G). Lane et al(1983) have reported that 
mlscompartmentalized secretory proteins with cleavable signal sequences 
are very unstable in the cytosol of Xenopus oocytes. This prompted the 
decision to construct a cDIA for another hybrid protein containing not 
only the chymo6ln signal sequence but also part of the mature 
prochymosln amino acid sequence, to determine if this larger domain of 
preprochymo6ln carried the information required to achieve translocation 
in oocytes. The construction and expression of this second
preprochymoein/lysozyme fusion gene is described in the next section.
In a few later experiments, however, it was found that pTK*C«L+ did 
clearly express a protein product in Xenopus oocytes. Figure VI.3 is from 
an experiment in which the expression of a product from pTK»C«L+ was 
relatively good, and a protein with a migration consistent with the 
expected molecular weight of the C«L hybrid protein (XU »1* ,200) was 
lmmunopreclpltated by anti-lysozyme sera from the injected oocytes. This 
protein was detected In the cytosol and membrane fractions of the oocyte 
(tracks 3 A 4, respectively). A faint band of the same size is also seen 
in track 2 which is from media surrounding the oocytes injected with
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Figure VI,3 Expression of the fusion protein C«L following injection of DNA into Xenopus 
oocytes
Xenopus oocytes were injected with pTK2C«L+ (trecks 2-4) or pTK2Lys+ (tracks 5*7) plasmid 
ONA, and some were left uninjected as controls (tracks 8*10), The oocytes were incubated 
with l1!!methionine for 24h, then the media containing secreted proteins was retained 
(S fraction) and the oocytes were fractionated into cytosolic (C) and membrane (M) 
associated proteins, as described in the Methods (II,H), Samples of the fractions were 
imaunoprecipitated with antibodies to lysozyme, and the precipitated proteins were 
analysed by SDS-PA6E on a gel containing 12.SX polyacrylamide (30:0,825 cross-linked) as 
described in 11,F, The C and M samples represent the products immunoprecipitated from 
1 oocyte and the S sample 2.5 oocytes, The figure shows an autoradiograph of the 
fluorographed gel exposed to preflashed X-ray film for 7d, Track 1 shows the 30,000 and 
M,300 molecular weight marker proteins (see 11.F,2),
that large amounts of transcripts initiated at the TK promoter were 
present in the cytosol of oocytes injected with pTK2C«L+ (see Fig.7, Krieg 
et aJ,1984 in Appendix). Hence it was known that in the oocyte this 
construct was capable of generating specific transcripts from the TK 
promoter; however the probe used in these experiments to detect the 
transcripts was a general one and did not extend beyond the Hlndlll 
cloning site into the insert, so no information was obtained on the 
length of these transcripts. However it appeared that pTK2C*L+ was 
expressed in oocytes at the level of RNA, in a similar manner to other 
plasmids from which protein products had been detected (ie pTK2PPChy+ 
(pTK282+), see Fig.7 Krieg et ai,1984 and III.E 4 F>. Furthermore, the 
possibility that an error had occurred in the construction of pTK2C«L+, 
with the effect that the preprochymosin and lysozyme reading frames were 
not in phase, had been eliminated by the DBA sequence analysis of the 
preprochymosln/lysozyme Junction, described in the previous section (B.2).
The initial difficulty in demonstrating unequivocally either the 
expression of the hybrid C«L protein or its localisation in oocytes 
raised the possibility that the signal sequence of preprochymoeln was not 
sufficient to direct the translocation of C«L and therefore the hybrid 
protein remained in the oocyte cytosol where it was rapidly degraded; in 
a situation similar to that encountered with the expression in oocytes of 
pTK2PChy+ and pTK2Chy+, which encode truncated chymo6ins lacking the 
signal peptide region (see III.E 4 G). Lane et al(1983) have reported that 
mlscompartmentalized secretory proteins with cleavable signal sequences 
are very unstable in the cytosol of Xenopus oocytes. This prompted the 
decision to construct a cDIA for another hybrid protein containing not 
only the chymosln signal sequence but also part of the mature 
prochymosin amino acid sequence, to determine if this larger domain of 
preprochymosin carried the information required to achieve translocation 
in oocytes. The construction and expression of this second
preprochymo6ln/lysozyme fusion gene is described in the next section.
In a few later experiments, however, It was found that pTK2C«L+ did 
clearly express a protein product in Xenopus oocytes. Figure VI.3 is from 
an experiment in which the expression of a product from pTK2C*L+ was 
relatively good, and a protein with a migration consistent with the 
expected molecular weight of the C«L hybrid protein (Hr = 14,200) was 
lamunopreclpltated by anti-lysozyme sera from the injected oocytes. This 
protein was detected in the cytosol and membrane fractions of the oocyte 
(tracks 3 4 4, respectively). A faint band of the same size is also seen 
In track 2 which is from media surrounding the oocytes injected with
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(b)
51 -»3 *
-GGGAA6ATCTAC- Bglll -6G6AA 
-CCCTTCTAGAT6- * -CCCTTCTA6
-61yLy*Il«Tyr- 
♦ 62
prochywo*in -GGGAAGATC£7$- 
-CCCTTCTAGMf- 
-GlyLysIl «Leu- 
Cc2L
GATC CTG- Ba»HI -A66ATC£7S- 
SAC- * -TCCTAGMC-
-Argl\eLew
C«L
CszL translation products: 
preCcal +h«t: 200 residuai (22,2K)
-flat: 199 residues (22,IK)
CcL 184 residues (20.5K)
Figure VI,4. Construction of pTKaC«2l*
a) The plasaid PTK2C42I+ was constructed froe frageents derived froe pTKiC«L+ (described 
in Fig.VI.1) and pTKiPPChyr (see Ill.E), using eethods described in 11,6, The restriction 
enzyae sites used in the aanipulations are shown as follows: BseHl - 8, Bglll- Bg, 
Hindlll - H, PvuII - P, Piti - Pi, S»tl - S, Only in PTK2C42L+ are the relative positions 
of the restriction sites strictly to scale. The vector, lysozyee and preprochyeosin 
sequences are represented as in Fig,VI,1,
(b) The nucleotide and aeino acid sequence at the preprochyaosin/lysozyae junction in C42L 
are shown. The prieary translation product of the C«2L cONA, preCtaL, is a hybrid 
polypeptide in which the signal sequence and first 62 residues of prochysosin are joined 
to the sane C-terainal signal-sinus lysozyse doaain present in C«L (see Fig,VI,1), The 
cleavage of the preprochyaosin signal peptide froa preCaaL gives rise to the processed 
C«2L protein,
PTK2C4L+, but it Is not clear if this is an artefactual band resulting 
fron overspill of ' 4C- labelled lysozyme from the adjacent molecular 
weight markers (track 1). A protein band of similar mobility was also 
present in track 8 which is the S sample of uninjected control oocytes, 
but this too is probably overspill from the adjacent track which 
contained lysozyme expressed from pTKaLyst DIA (described in II1.C). 
Clearly further experiments are required to Investigate the
compartmentatlon of the C«L chlmaeric protein in Xenopus oocytes (see 
VI.D).
VI.C. Construction_and Expression_in Oocytes of pTKaC.aL+, Encoding A
Second Preprochymosln/Lysozyme Fusion Protein
VI.C.l. Construction of a cDIA encoding GtaL, comprising the signal 
peptide and part of mature prochymosln fused to mature lysozyme
As outlined above, the negative results froa early experiments on 
the expression of PTK2C4L+ gave rise to the idea that the signal peptide 
alone does not contain all the information necessary for the efficient 
translocation of secretory proteins, at least in the oocyte; and possibly 
part of the mature prochynosin protein sequence was also needed for the 
translocation of signal-minus lysozyme (more than the 6 amino acids 
present in C«L). As noted earlier (Vl.A.) work with prokaryotic fusion 
proteins had shown that the signal sequence region of a secretory protein 
could be Insufficient to direct the translocation of a hybrid protein. For 
example work by Xoreno et al(. 1980) showed that the leader peptide and 15 
amino acids of the mature part of the LaaB secretory protein, when fused 
to 8~galacto6 ldaee did not result in the export of the hybrid protein. In 
the course of the work of this thesis Benson et aJ(1984) reported that 
LamB/0-galactosidase fusions containing, in addition to the signal 
sequence, less than 27 amino acids of mature LaaB were not exported; and 
only those with more than 49 residues of mature LamB resulted in export 
of the hybrid protein to the outer membrane of Bmcbarlchla coll.
It was decided to construct a larger preprochyaosin/lysozyae fusion 
protein which contained part of the mature prochyaosin sequence as well 
as the signal peptide. Examination of the cDIAs available showed that it 
was possible to generate a second fusion gene in which the signal 
sequence of prelysozyae was replaced by a fragment from the 
preprochyaosin cDIA which encoded the signal peptide and the first 62 
amino acids of prochyaosin. Figure VI.4 shows the strategy used to 
construct this fusion, termed CeaL, contained in the vector pTKa; the
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Figure VI,5 Expression in oocytes of th* pr*prochy*osin/lysozy*e hybrid protoin C«L, 
following injection of pTK2C»l+ ONA
Xt nopus oocytes were injected with th* plasaids pTK2C«iL+ (track* 7*12), pTK2PPChy+ 
(track* 1-3) and pTK2Lys+ (track* 4-6), d**crib*d pr*viou*ly (Fig,VI,4, Fig,III,5, and 
taction III.C. r**p*ctiv*ly), Th* aicroinjection and subsequent analyii* of th* oocyt*« 
«a* earned out a* d**crib*d before (Fig,III,3 and in th* Methods II.H), Ouplicat* *a*pl*s 
of fraction* fro* oocyt** injected with pTK2C«iL+ w*r* imunopr*cipitat*d with 
antiprochy*o*in **ra (apCcr, 11,6) (tracks 7-9) or with antibodies to lysozys* (*lys) 
(tracks 10-12), *lys was used for ieaunoprecipitating th* products following injection of 
pTK>lys+, and spCcT for fractions fro* pTKxPPChy* injected oocytes, Th* ieaunoprecipitated 
proteins were analysed by SDS-PA6E on a 12.SX polyacrylaaid* gel with a cross linking 
ratio of 30:0,82$ (see II,F.2), The cytosol (C) and ***brane (ft) fractions represent 
laeunoprecipitated proteins fro* 1 oocyte, but 2.S oocyt* equivalents were used for th* 
secreted (S) saaples,
translation product it encodes, referred to as preC*2L, has an expected 
oolecular weight Mr =22,200 (Including the initiation methionine) which on 
cleavage of the signal peptide is reduced to Mr=20,500. Transformants 
were selected which gave the correct sized restriction fragments for 
pTK2C«2L+ on digestion of the plasmid DMA with the following enzymes 
DHindlll ii->PstI Ü D S s t  J A PvuII (see Fig.VI.4).
VI.C.2. Expression in oocytes of the fusion protein Cs2L from Injected DIA
The construct pTK2C«2L+, like pTK2C«L+, gave poor and variable 
expression in Xenopus oocytes. Figure VI.5 shows an experiment in which 
oocytes were injected with various pTK2 constructs, Including pTK2C«2L+. 
The fractions derived from oocytes injected with pTK2C«2L+ were 
immunopreclpitated separately with antiprochymosin sera, apCcr (see II.G), 
and lysozyme antibodies (tracks 7-9 and 10-12 respectively). Injection of 
pTK2C«2L+ into oocytes resulted in the expression of a product, 
precipitated by apCcr, which was detected in the cytosol (track 8) and 
vesicle (track 7) fractions of the oocyte but not in the secreted (S) 
fraction (track 9). The amount of product detected from pTK2C«2L+ (tracks 
7-12) was considerably less than that expressed from either pTK2PPChy+ 
(tracks 1-3) or pTK2Lys+ (tracks 4-6) encoding the full-length secretory 
proteins used to generate the C«2L chimaera (see III.E A C>. The size of 
the pTK2C«2L+ product, Judged by its mobility is approx. Xr=20,500, which 
corresponds to the expected size of the signal-processed hybrid protein: 
but in the absence of comparison with the full-length primary translation 
product it is not possible to draw any conclusions whether or not the 
signal peptide has been cleaved from the C«2L oocyte product. A slightly 
larger minor product immunopreclpltated by orpCcT was also detected in the 
cytosol fraction (track 8>, this has a mobility consistent with a 
molecular weight of approx. Xr=21,000; the significance of this protein 
band is uncertain.
A curious feature displayed in Fig.VI.5 is the differential 
lmmunoprecipitatlon of C«2L by antiprochymosin and antllysozyme (compare 
tracks 7-9 with 10-12). Vhilst otpCcr precipitated more product from the 
cytosol (track 8) than the membrane fraction (track 9), when antllysozyme 
was used as the antibody, although the material precipitated from the 
membrane sample (track 10) is roughly comparable to that precipitated by 
apCcT, virtually no product is detected in the cytosol (track 11). lelther 
of the antibodies lmmunopreclpltated any C«aL from the medium surrounding 
the injected oocytes (track 9 A 12). The low levels of C«*L protein 
detected, combined with this differential lmmunopreclpltatlon, makes it
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Figure VI.5 Expression in oocytas of the praprochyaosin/lysozyaa hybrid protein C«L, 
following injection of pTK2C»iL+ DNA
ttnopui oocyte* were injected eith the pleseid* pTK2C«2L+ (trick* 7-12), pTK2PPChy+ 
(track* 1-3) and pTK>Lys+ (track* 4-6), described previously (Fig.VI.4, Fig,III.5, and 
section III.C, respectively). The eicroinjection and subsequent analysis of the oocytes 
vas carried out as described before (Fig.III.3 and in the Methods II.H), Duplicate saaples 
of fractions fro* oocytes injected with pTK»C«»L+ were iaaunoprecipitated with 
antiprochyaosin sera («pCcx, 11,6) (tracks 7-9) or with antibodies to lysozyae (elys) 
(tracks 10-12), alys was used for laaunoprecipitating the products following injection of 
pTKiLys*, and epCcr for fractions fro* pTKjPPChy* injected oocytes, The iaaunoprecipitated 
proteins were analysed by SDS-PA6E on a 12.51 polyacrylaaide gel with a cross linking 
ratio of 30:0.825 (see II.F.2). The cytosol (C) and aeabrane (M) fractions represent 
laaunoprecipitated proteins froa 1 oocyte, but 2.5 oocyte equivalents were used for the 
secreted (S) saaples.
translation product It encodes, referred to as preC«2L, has an expected 
molecular weight Mr=22,200 (including the initiation methionine) which on 
cleavage of the signal peptide is reduced to Kr=20,500. Transformants 
were selected which gave the correct sized restriction fragments for 
pTK2C«2L+ on digestion of the plasmid DIA with the following enzymes 
DHindlll iDPstl UDSstl A PvuII (see Flg.VI.4).
VI.C.2. Expression in oocytes of the fusion protein GtzL frena injected DIA
The construct pTK2C«2L+, like pTK2C«L+, gave poor and variable 
expression in Xenopus oocytes. Figure VI.5 shows an experiment in which 
oocytes were injected with various pTK2 constructs, including pTK2C«2L+. 
The fractions derived from oocytes injected with pTK2C«2L+ were 
inmunoprecipitated separately with antiprochymosin sera, apCcT (see II.G), 
and lysozyme antibodies (tracks 7-9 and 10-12 respectively). Injection of 
pTK2C«2L+ into oocytes resulted in the expression of a product, 
precipitated by apCcr. which was detected in the cytosol (track 8) and 
vesicle (track 7) fractions of the oocyte but not in the secreted (S> 
fraction (track 9). The amount of product detected from pTK2C*2L+ (tracks 
7-12) was considerably less than that expressed from either pTK2PPChy+ 
(tracks 1-3) or pTK2Lys+ (tracks 4-6) encoding the full-length secretory 
proteins used to generate the C«2L chimaera (see III.E A C). The size of 
the pTK2C«2L+ product, Judged by its mobility is approx. Mr=20,500, which 
corresponds to the expected size of the signal-processed hybrid protein; 
but in the absence of comparison with the full-length primary translation 
product it is not possible to draw any conclusions whether or not the 
signal peptide has been cleaved from the C«2L oocyte product. A slightly 
larger minor product lmmunoprecipltated by apCcr was also detected in the 
cytosol fraction (track 8), this has a mobility consistent with a 
molecular weight of approx. Xr=21,000; the significance of this protein 
band is uncertain.
A curious feature displayed in Fig.VI.5 is the differential 
lmmunopreclpitatlon of C«2L by antlprochymoein and antllysozyme (compare 
tracks 7-9 with 10-12). Whilst apCcv precipitated more product from the 
cytosol (track 8) than the membrane fraction (track 9), when antllysozyme 
was used as the antibody, although the material precipitated from the 
membrane sample (track 10) is roughly comparable to that precipitated by 
apCcT, virtually no product is detected in the cytosol (track 11). lelther 
of the antibodies lmmunoprecipltated any C«2L from the medium surrounding 
the injected oocytes (track 9 A 12). The low levels of C«2L protein 
detected, combined with this differential lmmunopreclpltatlon, makes it
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difficult to interpret the results of the expression of pTK2C«2L+ in the 
oocyte, particularly with respect to the compartmentatlon of the hybrid 
protein in the oocyte. The phenomenum of the differential 
imaunoprecipitation of C«2L and its localisation in the oocyte will be 
discussed later (VI.F.3).
VI.D. The Fusion Proteins . C«L and C«2L. are Segregated and Processed in 
Oocytes but are not Secreted
The results of Chapter V showed that the in vitro synthesized *SP6 
RIAs' could give good expression of foreign proteins in Xenopus oocytes, 
even when the corresponding cDIA gave poor expression. It was therefore 
decided to deteraine whether the cytoplasaic injection of synthetic SP6 
RIAs would result in better expression of the fusion proteins C*L and 
C«2L in oocytes, coapared with their expression froa cDIA injected into 
the nucleus. The SP6 RIAs could also be translated in vitro providing the 
full-length precursors for coaparlson with the oocyte products, to 
deteraine whether signal cleavage has occurred. In addition the SP6 RHAs 
enable a study to be aade of the translocation in vitro of the hybrid 
proteins (see VI.B).
The HindIII inserts were excised froa pTK2Lys+, pTK2C«L+ and 
pTK2C«2L+ and cloned into the Hindlll site of the polylinker of the vector 
pSP (Melton et al, 1984). Transformants were selected which would 
generate 'sense' RIA corresponding to the coding strand of the cDVA. This 
cloning was carried out by Dave Jackson. To provide a template for in 
vitro transcription each of the pSP«< constructs were linearized by 
cutting the plasmid DMA at the unique EcoRl site in the polyllnker region 
downstream of the insert, as described in the Methods (II.D). The RIAs 
synthesized from these templates are referred to as SP6Lys, SP6C*L and 
SP6C«2L.
To investigate the expression in oocytes of the preprochyaosln/ 
lysozyme hybrid proteins from injected synthetic RIA, m7GG-capped SP6 
RIAs encoding lysozyme and the fusions C«L and C«2L were prepared by in 
vitro transcription of the linearized DIA templates, as shown in Flg.V.l. 
The calculated yields of the RIAs were - SPCLys, 2.8pg; SP6C«L, 3.0pg; 
SP6C«2L, 2.9 pg, and the relative sizes of these transcripts was as 
expected froa the lengths of the three inserts (see Fig.V.lb). Xenopus 
oocytes were aicroinjected with these capped SPO RIAs and then cultured 
with I**Slaethlonlne, fractionated and analysed as described in II.H. 
Further samples of SPOLys, SP6C.L and SPOC«2L were translated in a wheat 
germ cell-free system as described in the Methods (II.E.l). The fractions
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Figure VI,6 Segregation and proceteing of the C«aL fueion protein expressed in oocyte* 
froe synthetic RNA,
e7S6-capped SP6C«iL RNA was synthesized as described in Fig.V.l, These synthetic 
transcripts were aicroinjected into Xonoput oocytes which were then labelled »ith 
[«Sleethionine for 24h, and analysed as described in the Methods (II,H), The SP6C«L RNfl 
«as also translated in vitro in a «heat gere systea (at 8ng/pl, see II.E.1). Aliquots froe 
the in vitro translation <WG) and froe oocyte fractions representing secreted (S), 
cytosolic (C), and eeebran* and vesicle (N) associated proteins «ere ieeunoprecipitated 
•ith antibodies raised against prochyeosin (epC.., 11,6) and lysozyee; the
iseunoprecipitated proteins «ere then separated by SDS-PA6E on a gel containing 
15* polyacrylaeide (40* acrylaaide:0.21 bisacrylaeide), as described in II.F. The dried 
fluorographed gel «as exposed to l-ray sensitive file for 2 «celts (tracks 1-9) and 5 weeks 
(tracks 10-12), The C t H saeples are equivalent to 2 oocytes, «hi 1st the S saeples 
represent proteins secreted by 4 oocytes. Tracks 6-8 and 10-12 are saeples froe oocytes 
injected with e'66-capped SP6C«aL RNA, whilst tracks 2-4 are froe control uninjected 
oocyte* treated in the saee «ay, outlined above. Tracks 1 k 9 show the 14,300, 30,000 and 
46,000 '*C-labelled eolecular «eight Barker proteins (see II.F,2),
from oocytes injected with SP6Lys and SP6C«L, and the corresponding in 
vitro translations, were imaunoprecipitated with lysozyae antibodies (see 
II.F.l); whilst the saaples froa the oocyte and wheat gera translation of 
SP6C<2L were precipitated with a aixture of antilysozyae and 
antiprochyaosin (otpC*., see II.G). The iaaunoprecipltated proteins were 
then analysed by SDS-PAGE and fluorography. The results obtained froa 
these experlaents are described below, but they are discussed in detail 
later in section VI.F.
Figure VI.6 shows the proteins, laaunoprecipltated by antilysozyae 
and antiprochyaosin, expressed froa SP6C*2L in oocytes and in vitro. 
Translation of SP6C«2L in the wheat gera cell-free systea should produce 
the full-length preC«2L polypeptide which froa its aalno acid sequence is 
calculated to have a molecular weight of 22,100, without its initiation 
aethlonlne (see Fig.VI.4). The aajor laaunoprecipltated protein produced 
froa translation of a7GG-capped SP6C«2L in the wheat gera (track 5) has 
a aobility consistent with a molecular weight of approx. 22,000, and is 
likely to be preC«2L. In the oocyte the C*2L synthetic RIA results in the 
expression of a protein which Judged by its migration on SDS-PAGE is 
smaller than the preC«2L in vitro product and has a molecular weight of 
approx. Mr=21,000 (tracks 6-8). Since this 21K protein is also associated 
with the vesicle fraction of the oocyte (track 7) this indicates that in 
the oocyte the hybrid protein preC«2L encoded by SP6C«2L translocates 
into the EK membrane where the signal sequence is processed by signal 
peptidase. Only a small amount of the processed C«2L is detected in the 
cytosol fraction of the oocyte (track 6) whilst the aajorlty is found to 
be associated with the membrane fraction; as discussed earlier (III.F), 
this distribution is typical of translocated proteins in the oocyte. Hence 
the information to direct the translocation in oocytes of slgnal-alnus 
lysozyae is apparently contained within the signal peptide plus the first 
62 residues of prochyaosln. However none of the hybrid C«2L protein was 
detected in the aedlua surrounding the oocytes injected with SP6C«2L 
(track 8), not even on a longer exposure autoradiograph of the saae gel 
(track 12). Yet oocytes froa the saae batch efficiently secreted lysozyme 
following injection of SP6Lys (see Flg.VI.7). The failure to detect 
secreted C» L  suggests that sorting signals, required after translocation 
to direct a protein along the secretory pathway for export froa the 
oocyte, are defective in the C«2L chiaaerlc protein.
In Figure VI.7 the proteins laaunopreclpitated by antilysozyae from 
oocytes injected with capped SP6C«L and SPOLys are compared with the la 
vitro translation products of the saae RIAs. These proteins were
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Figure VI,6 Segregation and processing of th# C«2L fusion protein expreieed in oocyte* 
fro« synthetic RNA.
•7G6-capped SP6C«2L RNA was synthesized as described in Fig,V,I. These synthetic 
transcripts were aicroinjected into Xonoput oocytes which were then labelled with 
[3‘$]»ethionine for 24h, and analysed as described in the Methods (II.H), Th* SP6C«L RNA 
was also translated in vitro in a wheat gere systea (at 8ng/jtl, see 11.E. 1). Aliquots froe 
th* in vitro translation (W6) and fro* oocyte fractions representing secreted (S), 
cytosolic (C), and aeabren* and vesicle (M) associated proteins were laaunoprecipitated 
with antibodies raised against prochyaosin (#pC««, 11,6) and lysozyae; th*
laaunoprecipitated proteins were then separated by SDS-PA6E on a gel containing
151 polyacrylaaid* (40* acrylaaid*:0.2t bisacrylaaide), at described in II.F. Th* dried
fluorographed gel was exposed to X-ray sensitive fila for 2 weeks (tracks 1-9) and 5 weeks
(tracks 10-12), Th* C I I saaples are equivalent to 2 oocytes, whilst th* S saaples 
represent proteins secreted by 4 oocytes, Tracks 6-8 and 10-12 are saaples froa oocytes 
injected with a'SS-capped SP6C«2L RNA, whilst tracks 2-4 are fro* control uninjected 
oocytes treated in th* saa* way, outlined above. Tracks I 5 9 show th* 14,300, 30,000 and 
46,000 <4C-lab*ll*d aolecular weight aarker proteins (see II.F.2).
iron oocytes injected with SP6Lys and SP6C.L, and the corresponding in 
vitro translations, were immunoprecipltated with lysozyae antibodies (see 
II.F.l); whilst the samples from the oocyte and wheat germ translation of 
SP6C*2L were precipitated with a mixture of antilysozyme and 
antiprochymosin (apC«*, see II.O). The immunoprecipltated proteins were 
then analysed by SDS-PAGE and fluorography. The results obtained from 
these experiments are described below, but they are discussed in detail 
later in section VI.F.
Figure VI.6 shows the proteins, immunoprecipitated by antilysozyme 
and antiprochymosin, expressed from SP6C*2L in oocytes and in vitro. 
Translation of SP6C*2L in the wheat germ cell-free system should produce 
the full-length preC«2L polypeptide which from its amino acid sequence is 
calculated to have a molecular weight of 22,100, without its initiation 
methionine (see Fig.VI.4). The major Immunoprecipitated protein produced 
from translation of m7GG-capped SP6C«2L in the wheat germ (track 5) has 
a mobility consistent with a molecular weight of approx. 22,000, and is 
likely to be preC«2L. In the oocyte the C«2L synthetic RIA results in the 
expression of a protein which judged by its migration on SDS-PAGE is 
smaller than the preC«2L in vitro product and has a molecular weight of 
approx. Hr=21,000 (tracks 6-8). Since this 21K protein is also associated 
with the vesicle fraction of the oocyte (track 7) this indicates that in 
the oocyte the hybrid protein preC«2L encoded by SP6C«2L translocates 
into the ER membrane where the signal sequence is processed by signal 
peptidase. Only a small amount of the processed C«2L is detected in the 
cytosol fraction of the oocyte (track 6) whilst the majority is found to 
be associated with the membrane fraction; as discussed earlier (III.F), 
this distribution is typical of translocated proteins in the oocyte. Hence 
the information to direct the translocation in oocytes of signal-minus 
lysozyme is apparently contained within the signal peptide plus the first 
62 residues of prochymosin. However none of the hybrid C«2L protein was 
detected in the medium surrounding the oocytes injected with SP6C«2L 
(track 8>, not even on a longer exposure autoradiograph of the same gel 
(track 12). Yet oocytes from the same batch efficiently secreted lysozyae 
following injection of SP6Lys (see Fig. VI. 7). The failure to detect 
secreted C«2L suggests that sorting signals, required after translocation 
to direct a protein along the secretory pathway for export from the 
oocyte, are defective in the C«2L chlaaerlc protein.
In Figure VI.7 the proteins laaunoprecipitated by antilysozyae from 
oocytes injected with capped SP6C«L and SP6Lys are compared with the in 
vitro translation products of the same RIAs. These proteins were
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Figure VI,7 Coep*rts*nt»tion and cleavage in oocyte* of C«L expressed froa synthetic RNA 
Capped SP6C*l and SP6Lys transcripts vere synthesized as described in Fig.V.l, The 
analysis of the proteins expressed froa these synthetic RNAs following injection into 
it nopus oocytes and on translation in vitro vas carried out as described in Fig,VI,6, 
except that lysozyae antibodies only eere eaployed for iaaunoprecipitation of the SP6C«L 
and SPSLys products, In addition only 1 oocyte equivalent of the C, M 4 S fractions of 
oocytes injected eith SP6lys vers electrophoresed (tracks 3-5, respectively); but as in 
Fig,VI.6, for the $P6C*l injected oocytes the C 5 H saaples represent 2 oocytes (tracks 7 
4 8, respectively), and the S saaple 4 oocyte* (track 9), The in vitro translation 
products maunoprecipitated by antilysozyae expressed froa SP6C«L and SP6Lys are shown in 
track 5 and track 2, respectively. Tracks 1 t 10 are ’‘C-labelled aolecular «eight aarker 
proteins (see II,F,2), including lysozyae (14,3K), The figure is of a 7d exposure 
autoradiograph of the fluorographed gel (15X polyacrylaaide «ith a cross-linking ratio of 
40:0,2).
separated on a gel containing 15% polyacrylamide with a ratio of 
acrylamide to bisacrylanide of 40%: 0.2%; this gel composition was used as 
it was hoped to provide resolution of polypeptides the size of 
prelysozyme and preCtL. In contrast to the experiments which examined the 
expression of the C*L fusion cDFA in oocytes (V1.B.3), the cytoplasmic 
injection of the synthetic SP6C«L transcript clearly resulted in the 
expression of a protein, recognised by lysozyme antibodies, which 
migrated to the same position on the gel as the lysozyme in the molecular 
weight markers, Kr = 14,300 (tracks I & 7); this is consistent with the 
expected size of the signal processed C«L hybrid protein which contains 
only one less amino acid than lysozyme (see Flg.VI.l). This implies that
the signal sequence has been cleaved from the SP6C«L product in the
oocyte. This suggestion is further supported by the fact that the
polypeptide expressed from SP6C*L on translation in vitro (track 4>) is 
larger than the protein detected in the oocyte; this precursor, preCcL, 
displays a mobility on SDS-PAGE consistent with a molecular weight of 
approx. Xr = 15,500, which compares with a molecular weight of Xr = 15,800 
calculated from the amino acid sequence of preCcL excluding the Initiation 
methionine residue (see Flg.VI.l). Like the C«*L hybrid protein, the C«L 
product is detected in the cytosol (Fig.VI.7 track T ) and vesicle
(track 8 ) fractions of the oocyte but is not secreted from the oocytes 
(track 8). As the processed C«L protein is associated with the vesicle 
fraction of the oocyte this Indicates that the signal sequence plus the 
first six amino acids of prochymo6in is sufficient to initiate the 
translocation of the signal-minus lysozyme in vivo in the oocyte. 
Furthermore the observed processing of the oocyte product relative to the 
full-length in vitro product strongly suggests that the preCtL fusion 
protein encoded by SP6C«L also contains a functional signal peptidase 
recognition site at which cleavage has occurred when the hybrid protein 
gains access to the BR in oocytes. Therefore the additional residues from 
the mature prochymosin protein contained in the larger preCsaL fusion are 
not essential for translocation.
Compared with the RIAs for both the hybrid proteins, injection of 
SPGLys resulted in the detection of large amounts of immunospeclflc 
protein in the oocyte (Fig.VI.7 tracks 3-5), producing a product which had 
the same mobility as the ’«C-labelled lysozyae, X,*14,300 (track l>, and 
was processed relative to the full-length precursor expressed in vitro, 
X,*16,000 (track 2.). In agreement with results obtained with lysozyae 
aRIA and lysozyme cDIA (see III.C), the lysozyae expressed from the 
synthetic RIA is secreted efficiently by the oocyte. In addition, as
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Figure VI,7 Co«part»«nt»tion and cleavage in oocytes of C«L expressed froe synthetic RNA 
Capped SP6C*L and SP6Lys transcripts «ere synthesized as described in Fig.V,1, The 
analysis of the proteins expressed froe these synthetic RNAs following injection into 
Unopus oocytes and on translation in vitro «as carried out as described in Fig,VI,6 , 
except that lysozyee antibodies only «ere eeployed for iaeunoprecipitation of the SP6C*L 
and SP6Lys products, In addition only 1 oocyte equivalent of the C, H i S fractions of 
oocytes injected with SP6lys «ere electrophoresed (tracks 3-5, respectively); but as in 
Fig,VI,6 , for the SP6C«L injected oocytes the C i M saaples represent 2 oocytes (tracks 7 
4 8, respectively), and the S saeple 4 oocytes (track 9), The in vitro translation 
products i»»unoprecipitated by antilysozyae expressed fro» SP6C«L and SP6lys are shown in 
track 5 and track 2, respectively, Tracks 1 4 10 are '*C-labelled »olecular weight »arker 
proteins (see II,F,2), including lysozyae (14,3K), The figure is of a 7d exposure 
autoradiograph of the fluorographed gel (15* polyacrylaaide with a cross-linking ratio of 
4 0 : 0 , 2 ) .
separated on a gel containing 15% polyacrylamide with a ratio of 
acrylamide to bisacrylanide of 40%: 0.2%; this gel conposition was used as 
it was hoped to provide resolution of polypeptides the size of 
prelysozyme and preCcL,. In contrast to the experiments which examined the 
expression of the C«L fusion cDHA in oocytes (V1.B.3), the cytoplasmic 
injection of the synthetic SP6C«L transcript clearly resulted in the 
expression of a protein, recognised by lysozyme antibodies, which 
migrated to the same position on the gel as the lysozyme in the molecular 
weight markers, X, = 14,300 (tracks I » 7 ) ;  this is consistent with the 
expected size of the signal processed C*L hybrid protein which contains 
only one less amino acid than lysozyme (see Fig.VI.l). This Implies that
the signal sequence has been cleaved from the SP6C«L product in the
oocyte. This suggestion is further supported by the fact that the
polypeptide expressed from SP6C«L on translation in vitro (track 4>) is 
larger than the protein detected in the oocyte; this precursor, preC*L, 
displays a mobility on SDS-PAGE consistent with a molecular weight of 
approx. Hr = 15,500, which compares with a molecular weight of X, = 15,800 
calculated from the amino acid sequence of preCcL excluding the initiation 
methionine residue (see Fig.VI.l). Like the C*zL hybrid protein, the C*L 
product is detected in the cytosol (Fig.VI.7 track  ^ ) and vesicle
(track 8 ) fractions of the oocyte but is not secreted from the oocytes 
(track >. As the processed C«L protein is associated with the vesicle 
fraction of the oocyte this indicates that the signal sequence plus the 
first six amino acids of prochymosin is sufficient to Initiate the 
translocation of the signal-minus lysozyme in vivo in the oocyte. 
Furthermore the observed processing of the oocyte product relative to the 
full-length in vitro product strongly suggests that the preC«L fusion 
protein encoded by SP6C«L also contains a functional signal peptidase 
recognition site at which cleavage has occurred when the hybrid protein 
gains access to the ER in oocytes. Therefore the additional residues from 
the mature prochymosin protein contained in the larger preCcaL fusion are 
not essential for translocation.
Compared with the RXAs for both the hybrid proteins, injection of 
SPCLys resulted in the detection of large amounts of immunospecif ic 
protein in the oocyte (Fig.VI.7 tracks 3-5), producing a product which had 
the same mobility as the ,4C-labelled lysozyme, X,=14,300 (track I), and 
was processed relative to the full-length precursor expressed in vitro, 
X, = 16,000 (track 1). In agreement with results obtained with lysozyme 
mRIA and lysozyme cDIA (see III.C), the lysozyme expressed from the 
synthetic RIA is secreted efficiently by the oocyte. In addition, as
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before, the (processed) lysozyme detected within the oocyte is distributed 
about equally between the cytosolic and membrane fractions of the 
injected oocytes, and is not predominantly associated with the vesicles 
as with most foreign secretory proteins. However it is interesting to 
note that the C«L expressed in the Xenopus oocyte also displays the 
anomalous fractionation pattern, previously only observed with lysozyme; 
in the experiment shown in Fig.VI.7 more of the C«L detected in the 
oocyte is in the cytosolic fraction than in the membrane and vesicle 
fraction. Oocytes from the same batch were used to study the expression 
of SPC«jL (Fig.VI.6 ) and these were processed alongside those injected 
with SPCcL and SP6 Lys; yet Cc3L, which contains a larger region of 
prochymosln but the same lysozyme domain as C«L, was detected primarily 
in the membrane and vesicles fraction, as described earlier. The 
compartmentatlon of Cc2L predominantly with the membrane fraction in the 
oocyte reflects the distribution within the oocyte of preprochymosin 
expressed from SP6 PPChy RIA (see V.C and Flg.V.3>
VI.E. The Fusion Proteins C.L and C»»L are Processed on Translocation 
In Vitro
The experiments described in the previous section suggest that the 
signal sequence of preprochymosin functions as an autonomous unit in 
initiating translocation across the ER, and is not a 'protein-specific' 
signal capable only of directing the translocation of the native 
prochymosin protein. It was of interest to determine whether similar 
conclusions could be drawn from studies of the translocation of C*L and 
C«sL in vitro; would In vitro systems reflect the in vivo situation seen 
in the Xenopus oocyte? As noted earlier (VI.A.) it was not clear to what 
extent the translocation of proteins in reconstituted in vitro systems 
provided an accurate model for the translocation process in vivo; during 
the course of the work described in this chapter several reported results 
obtained with cell-free systems suggested that translocation in vitro may 
not necessarily mimic the mechanism of translocation of nascent 
polypeptides across the ER in vivo (see Introduction I.A.2). It was also 
proposed ultimately to characterise the translocation phenotype of signal 
sequence mutants of a secretory protein primarily by in vitro translation 
translocation assays to complement studies using the oocyte as an in vivo 
system. The advent of the SP6 in vitro transcription system to generate 
synthetic mRIAs which could be translated in cell-free systems made it 
possible to study the translocation in vitro of polypeptides encoded by 
specific cDIA constructs. It was therefore decided to determine if the
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Figurt VI. 8 In vitro translation and translocation of precursor protsins txprasstd froa 
SP6 RNAi
Cappad SP6 RNAs encoding prelysozyee and the hybrid proteins, preC«L 1 preC*jL, (described 
in Fig.V.I) «ere translated (at 4ng/jil> in a «heat gere cell-free systee in the absence 
(-) and presence (♦) of dog pancreatic eicrosoees, as described in the Methods (11.E.), 
T«o natural eRNAs, oviduct and lactogen, «ere also translated under the ease conditions, 
except that the concentration of the lactogen eRNA «as unknown, Aliquots (2pl) froe each 
in vitro translation «ere analysed by S0S-PA6E on a 12,51 polyacrylaeide gel 
(301 acrylaaide:0,8251 bisacrylaeide) as follows; lactogen aRNA (tracks 1 5 2), SP6C«iL 
(tracks 3 5 4), SP6C.L (tracks 6 5 7), SPSLys (tracks 8 I 9), oviduct (tracks 10 5 11). 
Track 12 is an aliquot froa the translation in which no exogenous RNA «as added and track 
5 contains aolecular «eight aarker proteins (II.F.2),
hybrid proteins preC«L and preCtiL were also translocated and processed 
In vitro by translating the SP6C.L and SP6Cc2L synthetic RIAs in a 
cell-free system in the presence of dog pancreatic microsomes. These 
experiments are described in this section and their results are discussed 
in VI.F.
The wheat germ cell-free translation system was chosen to assess 
the translocation of the fusion proteins In vitro. It was known that the 
a ’GG-capped SP6 C*L and C«2L RIAs were translated well in this system 
(see Fig.VI.6 & 7) and that the translation products of exogenous RIAs 
could be analysed by SDS-PAGE without immunoprécipitation. Furthermore it 
had been observed that when products from a reticulocyte lysate 
translation were electrophoresed without immunoprécipitation the 
migration of lysozyme and prelysozyme, expressed from oviduct mRIA, was 
distorted by the large amounts of globin present in the lysate (see 
Fig.IV .3).
Further aliquots of the m7GG~capped SP6C«L, SP6C«2L and SPOLys 
transcripts, prepared as described in Fig.V.I, were translated in a wheat 
germ cell-free system in the absence and presence of canine pancreatic 
micro6omes (Xethods II. E). Lactogen and oviduct mRIAs were also
translated in the same system to provide controls for the translocation 
and processing activity of the dog microsomes in the wheat germ assay; 
translation products from these mRIAs had been shown to be translocated 
and processed by microsomes from the same batch in a reticulocyte lysate 
system (Flg.IV.3>. Analysis of the proteins by SDS-PAGE showed that 
translation of both the natural and synthetic mRIAs had resulted in the 
synthesis of specific products (Fig.VI.8). In addition, when mlcro6ome6 
were included in the translations the expected processing of the lactogen 
and oviduct mRIA products was observed (tracks 1 ft 10, respectively, see 
IV.C.); also in the presence of mlcrosomes some processing of the 
precursors expressed by SP8C«2L (track 3 ft 4), SP6C«L (tracks 6 ft 7) and 
SPOLys (tracks 8 ft 9) had apparently occurred. Judged by the migration 
relative to the molecular weight aarker proteins (track 5> the major 
proteins detected froa the synthetic RIAs translated In the presence of 
alcroeoaes are as follows: SP0C«*L, approx 22.4K and 21.5K; SP6C.L, approx 
14.8K and 13.8K; and from SPOLys approx 15.3K and 14.OK. The prelysozyme 
and lysozyme expressed froa the oviduct aRIA (tracks 10 ft 11) were the 
same size as the the SPOLys precursor and processed products; It Is not 
clear why on this gel the processed lysozyme detected froa the SPOLys 
and oviduct RIAs do not display the same mobility as the ,4C- labelled 
lysozyme (14.3K) in the aolecular weight markers (track 5). The lactogen
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Figure VI ,8 In vitro tr»n*l»tion end trenelocetion of precurtor proUini expressed fro» 
5P8 RNAs
Cepped SP6 RNAs encoding prelysozy»# end the hybrid proteins, preC»L A pr»C«2l, (described 
in Fig.V.l) «ere translated (at 4ng/pl) in a »heat gere cell-free syste» in the absence 
(-) and presence (♦) of dog pancreatic aicrosoees, as described in the Methods (1 1 .E,), 
T»o natural »RNAs, oviduct and lactogen, »ere also translated under the saee conditions, 
except that the concentration of the lactogen »RNA »as unknown, Aliquots (2yl) fro» each 
in vitro translation «ere analysed by SDS-PA6E on a 12,51 polyacrylaaide gel 
(301 acryla»ide:0.825X bisacrylaeide) as follows: lactogen eRNA (tracks 1 t 2), SP6C«2L 
(tracks 3 5 4), SP6C.L (tracks 6 5 7), SP6Lys (tracks 8 5 9), oviduct (tracks 10 5 11), 
Track 12 is an aliquot fro* the translation in which no exogenous RNA was added and track 
5 contains »olecular weight »arker proteins (II,F,2),
hybrid proteins preCtL and preC*2L were also translocated and processed 
in vitro by translating the SP6C.L and SP6C«2L synthetic RHAs in a 
cell-free system in the presence of dog pancreatic microsomes. These 
experiments are described in this section and their results are discussed 
in VI.F.
The wheat germ cell-free translation system was chosen to assess 
the translocation of the fusion proteins in vitro. It was known that the 
m 7GG-capped SP6 C*L and C*2L RNAs were translated well in this system 
(see Fig.VI.6 A 7) and that the translation products of exogenous RNAs 
could be analysed by SDS-PAGE without immunoprécipitation. Furthermore it 
had been observed that when products from a reticulocyte lysate 
translation were electrophoresed without immunoprécipitation the 
migration of lysozyme and prelysozyme, expressed from oviduct mRIA, was 
distorted by the large amounts of globin present in the lysate (see 
Fig.IV .3).
Further aliquots of the m ’GG-capped SP6C«L, SP6C«2L and SP6Lys 
transcripts, prepared as described in Fig.V.l, were translated in a wheat 
germ cell-free system in the absence and presence of canine pancreatic 
microsomes (Methods II. E). Lactogen and oviduct mRIAs were also 
translated in the same system to provide controls for the translocation 
and processing activity of the dog microsomes in the wheat germ assay; 
translation products from these mRHAs had been shown to be translocated 
and processed by microsomes from the same batch in a reticulocyte lysate 
system (Fig.IV .3). Analysis of the proteins by SDS-PAGE showed that 
translation of both the natural and synthetic mRIAs had resulted in the 
synthesis of specific products (Flg.VI.S). In addition, when microsomes 
were included in the translations the expected processing of the lactogen 
and oviduct mRIA products was observed (tracks 1 t 10, respectively, see 
IV .C.); also in the presence of microsomes some processing of the 
precursors expressed by SP6C«2L (track 3 4k 4), SP6C*L (tracks 6 4 7) and 
SP6 Lys (tracks 8 4 9 )  had apparently occurred. Judged by the migration 
relative to the molecular weight marker proteins (track 5) the major 
proteins detected from the synthetic RIAs translated in the presence of 
microsomes are as follows: SP6C«2L, approx 22.4K and 21.5K; SP6C*L, approx 
14.8K and 13.8K; and from SP6Lys approx 15.3K and 14.OK. The prelysozyme 
and lysozyme expressed from the oviduct mRIA (tracks 10 4 11) were the 
same size as the the SP6Lys precursor and processed products; it is not 
clear why on this gel the processed lysozyme detected from the SP6Ly6 
and oviduct RIAs do not display the same mobility as the '*C-labelled 
lysozyme (14.3K) in the molecular weight markers (track 5). The lactogen
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Figure VI,9 Comparison of the oocyte and in vitro translation products of SP6C«L RNA 
Capped SP6C*L and SP6Lys RNA (see Fig.V.l) »ere expressed in vivo following injection into 
the cytoplasa of Xenopus oocytes (as described in Fig,VI,7) and «ere translated in vitro 
in the absence (-■> and presence (+») of aicrosoees (see Fig,VI,8 ), Saeples froa the 
aeabrane fraction of the injected oocytes (0 ) and froa the in vitro translations (W6 ) «ere 
îaaunoprecipitated with antilysozyae antibodies, and the precipitated proteins »ere 
analysed by SDS-PA6E on a l5* polyacrylaaide (40:0,2 cross-linked) gel (as described in 
the Methods, II.F),
nRIA translation resulted in a polypeptide of approx. 26K (track 2), and 
when microsoBes were included in the translation a 23K product is 
detected (track 1). Since the translation and translocation of the 
translation products of the synthetic RIAs had been effective in this 
experlaent a closer exaaination was Bade of the processed and precursor 
proteins expressed from these RHAs In vitro in coaparison to the 
proteins detected in oocytes following injection of the saae transcripts.
VI.E.l. Coaparison of the in vitro and in vivo translation products of 
SP6C<iL and SP6Lys SNA
It was of interest to conpare the relative sizes of the translation 
products of the CcL construct when expressed in the oocyte and in vitro 
in the presence of aicrosomes. Judging by nigration on SDS-PAGE does the 
processing of the preCcL species seen on translocation of the precursor 
in vitro result in a product of the saae size as the C«L protein detected 
in the oocyte? The enzyme signal peptidase does not show species 
specificity (see 1.A.2) and it is anticipated that the site at which 
recognition and cleavage of the signal peptide takes place in a 
particular protein will be the sane with the Xenopus and canine ER 
neabranes. A comparison of the SP6C«L products with those of SP6Lys in 
vitro and in the oocyte will provide further information on the 
processing of the C«L fusion protein. To compare the in vitro and in vivo 
products of the lysozyme cDIA gene and the C«L fusion gene equivalent 
aliquots from the wheat germ translations of capped SP6Lys and SP6C«L 
were iamunopreclpltated with antilysozyme antibodies, together with 
saaples froa oocytes Injected with the same RVAs (described in VI.D). The 
ianunopreclpltated proteins were separated by electrophoresis on a 
SDS-polyacrylamide gel (15% acrylamide with a cross linking ratio of 
40:0.2), shown in Figure VI.9.
From the sequence of the C«L and Lys cDIAs the primary translation 
product of SP6Lys, prelysozyae, is 146 residues excluding the initiation 
methionine (16,100 molecular weight), which is 3 amino acids longer than 
the corresponding preC«L precursor (15.8K) (see Fig.VI.1). The removal of 
the signal peptide (17 residues, excluding the Net) froa prelysozyae 
results in mature lysozyme which is 129 amino acids (14.3K); however, the 
signal sequence of prochymosin present in preC«L is only 15 amino acids 
and hence cleavage of the prochymosin signal peptide from preC«L results 
in the 128 residue C«L protein (14.2K). The pattern of protein bands seen 
in Fig.VI.9 are consistent with this picture. Firstly it appears that the 
cleaved C«L protein detected in the oocyte is the saae size as the
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Figure VI ,9 Comparison of the oocyte end in vitro translation products of SP6C*L RNA 
Capped SP6C«L and SP6Lys RNA (see Fig.V.l) «art expressed in vivo following injection into 
the cytoplas* of Xenopus oocytes (as described in Fig.VI.7) and «ere translated in vitro 
in the absence (-a) and presence (+») of nicrosoees (see Fig.VI.8 ). Saeples fro» the 
senbrane fraction of the injected oocytes (0 ) and fro» the in vitro translations (W6 > »ere 
innunoprecipitated with antilysozyee antibodies, and the precipitated proteins «ere 
analysed by SOS-PAGE on a IS* polyacrylaaide (40:0.2 cross-linked) gel (as described in 
the Methods, II.F),
nRFA translation resulted in a polypeptide of approx. 26K (track 2), and 
when microsomes were included in the translation a 23K product is 
detected (track 1). Since the translation and translocation of the 
translation products of the synthetic RNAs had been effective in this
experiment a closer examination was made of the processed and precursor 
proteins expressed from these RNAs in vitro in comparison to the
proteins detected in oocytes following injection of the same transcripts.
VI.E.l. Comparison of the in vitro and in vivo translation products of 
SP6CeL and SP6Lys KVA
It was of interest to compare the relative sizes of the translation 
products of the C*L construct when expressed in the oocyte and in vitro 
in the presence of microsomes. Judging by migration on SDS-PAGE does the 
processing of the preC*L species seen on translocation of the precursor 
in vitro result in a product of the same size as the C«L protein detected 
in the oocyte? The enzyme signal peptidase does not show species 
specificity (see I.A.2) and it is anticipated that the site at which 
recognition and cleavage of the signal peptide takes place in a 
particular protein will be the same with the Xenopus and canine ER
membranes. A comparison of the SP6 C«L products with those of SP6 Lys in
vitro and in the oocyte will provide further information on the 
processing of the C«L fusion protein. To compare the in vitro and in vivo 
products of the lysozyme cDIA gene and the C«L fusion gene equivalent 
aliquots from the wheat germ translations of capped SP6 Lys and SP6C*L 
were immunoprecipltated with antilysozyme antibodies, together with 
samples from oocytes injected with the same RNAs (described in VI.D). The 
immunopreclpitated proteins were separated by electrophoresis on a 
SDS-polyacrylamide gel (15% acrylamide with a cross linking ratio of 
40:0.2), shown in Figure VI.9.
From the sequence of the C«L and Lys cDHAs the primary translation 
product of SP6Lys, prelysozyme, is 146 residues excluding the initiation 
methionine (16,100 molecular weight), which is 3 amino acids longer than 
the corresponding preC*L precursor (15.8K) (see Fig.VI.1). The removal of 
the signal peptide (17 residues, excluding the Net) from prelysozyme 
results in mature lysozyme which is 129 amino acids (14.3K); however, the 
signal sequence of prochymo6 in present in preC«L is only 15 amino acids 
and hence cleavage of the prochymosln signal peptide from preC*L results 
in the 128 residue C«L protein (14.2K). The pattern of protein bands seen 
in Fig.VI.9 are consistent with this picture. Firstly It appears that the 
cleaved C*L protein detected in the oocyte is the same size as the
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Figure VI,10 Comparison of the product* of SP6 *iL RNA in th* oocyt» and in vitro 
Capped SP6*2L RNA (tee Fig.V.l) «a* expretted in th* oocyt* (tee Fig,VI,6 ) and translated 
in a «heat gera cell-free syste* (V6 > in the absence (-•) and pretence (♦*) of eicrotoeet 
(see Fig,VI.8 ), Staples froa th* oocyt* fractions (C, H A S as described in Fig,VI,6 ) and 
froa th* in vitro translations vert iaeunoprecipitated either with antiprochyaosin (tpC - 
tracks 2-6) or eith antilysozya* (slyt - tracks 7-11). Th* iaaunoprecipitated proteins 
ver* separated by S0S-PA6E on a 12.5* polyacrylaaid* gel, Th* dried, fluorographed gel vat 
exposed to (-ray sensitive file for (a) Udays (b) 28 days. For clarity th* tracks in (a) 
vers exposed for different durations during printing of th* negative, Track 1 contains 
aolecular veight Barker proteins (I1.F.2),
processed product resulting iron translocation of the preC«L precursor by 
microsomes in vitro (compare tracks 8 % 9>. Similarly the lysozyme 
expressed from SP6Lys in the oocyte displays the same mobility as the 
processed in vitro SP6Lys product (tracks 7 4 6 ). Tracks 2-5 of Flg.VI.9 
show the relative sizes of the precursor and processed proteins expressed 
from SP6C*L and SP6Lys; as anticipated the preC*L product (track 4) is 
clearly smaller than prelysozyme (track 5), and the processed C«L 
(track 2 ) appears have a marginally greater mobility than lysozyme 
(track 3). The apparent size reduction resulting from signal-processing 
of the precursors is greater with prelysozyme (track 6 ) than with preC«l, 
(track 9); this is in agreement with the cleavage of the 17 residue 
lysozyme signal peptide, compared with the loss of 15 amino acids on 
removal of the prochymosin signal sequence of C«L. From this gel the 
mobilities of the different polypeptides, relative to the molecular weight 
markers (track 1>, are consistent with approx, sizes of - preC«L, 14.5K; 
CsL, 13.5K; prelysozyme, 14.8K and lysozyme, 13.6K. However if the 
precursor and processed products expressed by SP6Lys are used as 16.IK 
and 14.3K markers; then judged by comparison with the migration of these 
prelysozyme and lysozyme polypeptides the size of preCtL is 15.5K and C«L 
14.IK.
It is interesting to note that similar amounts of prelysozyme and 
preCcL are expressed from the synthetic RIAs la vitro (see Flg.VI.8, 
tracks 7 4 9 and Fig.VI.9, tracks 4 4 5); in contrast when the same RIAs 
were expressed in the oocyte, antilysozyme immunoprecipitated 
significantly greater amounts of protein following injection of SP6Lys 
than when oocytes were injected with SP6C*L (Fig.VI.7, but see VI.F.3). 
The proportion of the prelysozyme and preC«L precursor polypeptides which 
are processed in the presence of the micrœomes is also similar.
VI.E.2. Immunoprécipitation of the CcaL fusion protein oxpreoood in vitro 
and in the oocyte
The proteins expressed from the capped SP6C*aL RIA in vitro and in 
the oocyte were Immunoprecipitated with antlprochymosln antibodies (apC) 
and analysed by SDS-PAGE. Fig.VI.10a shows that, as with the SP6C«L and 
SP6Lys products, when SP6C*iL is translated in vitro th* preC«aL 
precursor (track 2, estimated molecular weight 22.3K> is processed in the 
presence of microsomes to a protein (approx. 21.2K, track 3) which 
displayed the same mobility as the products detected in the oocyt* from 
the same RIA (tracks 4 4 5). However when duplicate samples were
immunoprecipitated with antilysozyme (alys) very little protein was
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Figure VI.10 Coapanion of the product« of SP6«iL RNA in the oocyta and in vitro 
Capped $P6*2L RNA (see Fig.V.U «at expreiied in the oocyte (see Fig.VI,6) and translated 
in a «heat gera cell-free systea (W6) in tha absence (-a) and presence ('HO of aicrosoaes 
(see Fig,VI.8). Saaples froa tha oocyte fractions (C, H & S as described in Fig.VI.6) and 
froa the in vitro translations «are laaunoprecipitated either with antiprochyaosin (apC - 
tracks 2-6) or «ith antilysozyae (alys - tracks 7-11), Tha laaunoprecipitated proteins 
«ere separated by S0S-PA6E on a 12.51 polyacrylaaide gel. The dried, fluorographed gel «as 
exposed to X-ray sensitive file for (a) Udays (b) 28 days. For clarity the tracks in (a) 
«ere exposed for different durations during printing of the negative. Track 1 contains 
aolecular »eight Barker proteins (II.F,2),
processed product resulting from translocation of the preC«L precursor by 
microsomes in vitro (compare tracks 8 & 9). Similarly the lysozyme 
expressed from SP6Lys in the oocyte displays the same mobility as the 
processed in vitro SP6Lys product (tracks 7 4 8 ). Tracks 2-5 of Fig.VI.9 
show the relative sizes of the precursor and processed proteins expressed 
from SP6C«L and SP6Lys; as anticipated the preCtL product (track 4> is 
clearly smaller than prelysozyme (track 5), and the processed C«L
(track 2 ) appears have a marginally greater mobility than lysozyme 
(track 3). The apparent size reduction resulting from signal-processing 
of the precursors is greater with prelysozyme (track 6 ) than with preCtL 
(track 9); this is in agreement with the cleavage of the 17 residue
lysozyme signal peptide, compared with the loss of 15 amino acids on
removal of the prochymosin signal sequence of C«L. From this gel the
mobilities of the different polypeptides, relative to the molecular weight 
markers (track 1), are consistent with approx, sizes of - preC«L, 14.5K; 
CsL, 13.5K; prelysozyme, 14.8K and lysozyme, 13.6K. However if the 
precursor and processed products expressed by SP6Lys are used as 16.IK 
and 14.3K markers; then judged by comparison with the migration of these 
prelysozyme and lysozyme polypeptides the size of preCtL is 15.5K and C*L 
14.IK.
It is interesting to note that similar amounts of prelysozyme and 
preCcL are expressed from the synthetic RIAs in vitro (see Fig.VI.8 , 
tracks 7 4 9 and Fig.VI.9, tracks 4 4 5>; in contrast when the same RHAs 
were expressed in the oocyte, antilysozyme lmmunoprecipitated 
significantly greater amounts of protein following injection of SP6 Lys 
than when oocyte6 were injected with SP6C*L (Fig.VI.7, but see VI.F.3). 
The proportion of the prelysozyme and preCtL precursor polypeptides which 
are processed in the presence of the mlcro6omes is also similar.
VI.E.2. Immunoprecipitation of the CczL fusion protein expressed in vitro 
and in the oocyte
The proteins expressed from the capped SP6C«2L RIA in vitro and in 
the oocyte were lmmunoprecipitated with antiprochymosin antibodies (apC) 
and analysed by SDS-PAGE. Fig.VI.10a shows that, as with the SP6C«L and 
SP6 Lys products, when SP6C*jL is translated in vitro the preC«2L 
precursor (track 2, estimated aolecular weight 22.3K) is processed in the 
presence of mlcrosome6 to a protein (approx. 21.2K, track 3) which 
displayed the same mobility as the products detected in the oocyte froa 
the same RIA (tracks 4 4 5). However when duplicate saaples were
laaunoprecipitated with antilysozyme (alys) very little protein was
127
antibody:* T  pC1 L pC L pC
46K-
30 K-
14-3K—*
1 2 3 4 5 6  7
Figure VI,11 Ieeunopreeipitetion of proteins expressed in the oocyte froe SP6C42L end 
oviduct «RNA
lenopus oocytes »ere coinjected »ith SP6C42L end oviduct »RIA, then cultured end 
fractionated described previously (Fig,VI , 6 4 II.H), Duplicate saeples representing 1 
oocyte froe the H (tracks 2 4 3 )  and C (tracks 6 4 7 )  fractions and 2» oocytes of the S 
(tracks 4 4 5 )  fraction »ere leeunoprecipitated either »ith antilysozyee <«L) or 
antiprochyeosin <«pC) as sho»n;- and the ieeunoprecipitated proteins »ere analysed by 
SDS-PA6E (as described in the flethods),
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Figure VI, 12 Coapanson of SP6C«2L translation products leeunoprecipitated by antilysozyee 
and antiprochyeosin
Replicate saeples fro» an in vitro translation of SP6C«iL (V6 ) (II,E,2) and froe oocytes 
(0, eeebrane fraction) injected »ith the saee RNA (Fig,VI.6 ) «ere leaunoprecipitated »ith 
antilysozyee (cL) and/or antiprochyaosin (epC) as shown, The ieeunoprecipitated proteins 
were separated on a 12.51 polyacrylaeide gel, as described in II.F.2,
detected (Fig.VI.10b) from either the In vitro translation (tracks 10 4 
11) or oocyte fractions (track 7-9). As noted earlier, when C42L was 
expressed in oocytes from nuclear injected pTK2C«2L+ DIA there was a 
difference in the aaount of protein detected in the oocyte fractions when 
«lys and apC were used for iaaunoprecipitatlon (see VI.C). Further 
investigations were aade of the iaaunoprecipitation by orlys and apC of 
the translation products of SP6C42L In vitro and in the oocyte.
In the experlaent shown in Figure VI.11 oocytes were coinjected with 
oviduct aRIA and capped S P 6 C 4 2 L  RHA, and duplicate saaples froa the 
fractionated oocytes were iaaunopreclpitated separately with alys and 
apC. This experlaent established that there was little recognition of wild 
type lysozyae, expressed froa the oviduct aRIA, by the opC antibodies; 
since, coapared with the lysozyae precipitated by alys (Figure VI.11 
tracks 2, 4 4 6 ), very little protein was detected at the position of 
lysozyae in saaples iaaunopreclpltated with apC (tracks 3, 5 & 7).
Approxlaately equal aaounts of C 4 2 L  are iaaunopreclpitated by alys and 
apC from the cytosol fraction of the oocytes (tracks 6 4 7,
respectively), but aore C 4 2 L  was precipitated in the vesicle fraction by 
apC (track 3) than by alys (track 2). As in other experlaents no C 42L  
was detected in aedlua surrounding the injected oocytes by either 
antibody (tracks 4 4 5).
Figure VI.12 shows replicate aliquots froa a wheat gera translation 
of capped S P 6 C 4 2 L  iaaunoprecipitated with alys (track 1) and apC 
(track 2) separately, and together (track 3). Whilst it appears that apC 
is alaost as efficient as the two antibodies together at precipitating 
full-length preC«2L (apparent Molecular weight 22K), this precursor was 
poorly recognised by alys alone. Curiously, when both antibodies were 
used together another auch saaller aajor product (approx. 13.5K> is also 
detected, but this protein is not seen when either of the antibodies are 
used alone.
The experlaent6 described here will be discussed in the next section 
(VI.F) together with other results concerning the expression of the C«L 
and C«jL hybrid proteins which have been described in this chapter.
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Figure VI, 11 Iwsunoprecipitation of protein* expressed in the oocyte froe SP6C42L and 
oviduct »RNA
Xenopus oocytes »ere coinjected with SP6C42L and oviduct »RNA, then cultured and 
fractionated described previously (Fig,VI,6 & II,H), Duplicate saeples representing I 
oocyte froe the M (tracks 2 1 3 )  and C (tracks 6 1 7 )  fractions and 2» oocytes of the S 
(tracks 4 1 5 )  fraction «ere ieeunoprecipitated either with antilysozyee («L) or 
antiprochyeosin (*pC) as shown;- and the ieeunoprecipitated proteins »ere analysed by 
SDS-PAGE (as described in the Methods),
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Figure VI, 12 Coepanson of SP6C42I translation products leeunoprecipitated by antilysozyee 
and antiprochyeosin
Replicate saeples froe an in vitro translation of SP6C4>1 (WG) (II.E.2) and fro* oocytes 
(0, acabran* fraction) injected with the saae RNA (Fig,VI,6) «ere leeunoprocipitated with 
antilysozyee («L) and/or antiprochyaosin (epC) as sho»n. The laeunoprecipitated proteins 
«ere separated on a 12,51 polyacrylaaide gel, as described in II.F.2.
detected (Fig.VI.10b) from either the in vitro translation (tracks 10 4 
11) or oocyte fractions (track 7-9). As noted earlier, when C 42L  was 
expressed in oocytes from nuclear injected P T K 2 C 4 2 L +  DBA there was a 
difference in the amount of protein detected in the oocyte fractions when 
otlys and apC were used for immunoprécipitation (see VI.C). Further 
investigations were made of the immunoprécipitation by otlys and apC of 
the translation products of S P 6 C 4 2 L  in vitro and in the oocyte.
In the experiment shown in Figure VI.11 oocytes were coinjected with 
oviduct mRBA and capped S P 6 C 4 2 L  RHA, and duplicate samples from the 
fractionated oocytes were immunoprecipitated separately with alys and 
apC. This experiment established that there was little recognition of wild 
type lysozyme, expressed from the oviduct mRIA, by the apC antibodies; 
since, compared with the lysozyme precipitated by alys (Figure VI.11 
tracks 2, 4 4 6), very little protein was detected at the position of 
lysozyme in samples immunoprecipitated with apC (tracks 3, 5 4 7).
Approximately equal amounts of C 4 2 L  are immunoprecipitated by alys and 
apC from the cytosol fraction of the oocytes (tracks 6 4 7,
respectively), but more C 4 2 L  was precipitated in the vesicle fraction by 
apC (track 3) than by alys (track 2). As in other experiments no C«2L 
was detected in medium surrounding the injected oocytes by either 
antibody (tracks 4 4 5).
Figure VI.12 shows replicate aliquots from a wheat germ translation 
of capped S P 6 C 4 2 L  immunoprecipitated with alys (track 1) and apC 
(track 2) separately, and together (track 3). Whilst it appears that apC 
is almost as efficient as the two antibodies together at precipitating 
full-length preC42L (apparent molecular weight 22K), this precursor was 
poorly recognised by alys alone. Curiously, when both antibodies were 
used together another much smaller major product (approx. 13.5K) is also 
detected, but this protein is not seen when either of the antibodies are 
used alone.
The experiments described here will be discussed in the next section 
(VI.F) together with other results concerning the expression of the C«L 
and C 4 2 L  hybrid proteins which have been described in this chapter.
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VI.F. Discussion
VI.F.l Eukaryotic signal sequences function as autonomous units
The aim of the work described in this chapter was to determine if 
the cleavable eukaryotic signal sequence functions as an autonomous unit 
in effecting the translocation of secretory proteins. The approach taken 
was to construct a fusion gene which encoded a chimaeric protein in 
which the signal peptide of prelysozyme was replaced by the signal
sequence of preprochymosin, then examine the translocation of this hybrid 
in Xenopus oocytes and also in vitro. It had been shown that 
signal-processed lysozyme, secreted by oocytes injected with oviduct 
mRJA, was not re-exported nor sequestered into the ER when injected into 
fresh oocytes (Lane et al, 1980). The initial fusion gene I constructed, 
C«L, encoded a hybrid protein in which the signal sequence and first 6 
amino acids of prochymosin replaced the signal peptide and the first 7 
residues of lysozyme (section B). Early work on the expression of this 
fusion protein in the oocyte from injected pTKaC«L+ plasmid DIA indicated 
that this region of preprochymosin was not sufficient to direct the
translocation of the signal-minus lysozyme (VI.B); this led to the 
construction of another fusion gene, C»L, which contained the same 122 
codons of mature lysozyme but with a larger preprochymosin domain
encoding the signal sequence plus the first 62 V-terminal residues of 
prochymosin (section VI.C). The experiments described in section D of 
this chapter showed that when both the chimaeric proteins C«aL and C«L 
are expressed in Xenopus oocytes following injection of capped synthetic 
RIA, they are translocated into the ER membrane Judging by their 
association with the membrane and vesicle fraction of the oocyte and by 
their processing relative to the full-length precursor translation
product. The observed cleavage of preC«L and preC.iL by microsomal 
membranes in vitro (section E> also demonstrated that both hybrids 
contain the information necessary to initiate translocation across the ER. 
Therefore, since the signal sequence plus first 6 amino acids of 
prochymosin, present in preC«L can direct the translocation of 
signal-minus lysozyme this implies the signal sequence of eukaryotic 
secretory proteins does function as a discrete unit which is not 
protein-specific. Vhen this work was initiated the functional autonomy of 
a eukaryotic signal sequence in its role in protein translocation had not 
been demonstrated. During the course of this work there were reports 
published by other groups which also provided evidence that the signal
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sequence functions as a self-contained unit in initiating translocation 
across the ER.
Early in 1984 Lingappa et al reported that the leader peptide plus 
first 5 residues from the B.coli periplasmic protein pre-8-lactamase 
joined (via 4 amino acids derived from a linker) to chimpanzee a-globin 
resulted in a hybrid protein which was translocated across microsomal 
membranes in vitro and processed. Hence it appeared the cleavable signal 
sequence of a prokaryotic secretory protein could convert a eukaryotic 
cytoplasmic protein to a translocated protein in an la vitro eukaryotic 
system. These findings provided further support for the similarity of the 
process of protein translocation across the plasma membrane in 
prokaryotes and across the ER membrane in eukaryotes. However they were 
inconsistent with earlier reports that the C-terminal region of 
0-lactamase is required for its membrane transport in a bacterial system 
(Koshland A Botsteln,1980 and 1982). This further highlights that 
comparison of, or inference from, results from prokaryotic systems to the 
process of protein translocation in eukaryotes should be made with 
caution, and vica versa. Two other reports published in 1984 used fusion 
proteins to define the region functioning as the signal sequence in 
proteins which were not processed on translocation. One publication 
concerned work carried out in this laboratory to identify the signal 
sequence of ovalbumin (see Tabe et aJ,1984 in Appendix); as noted earlier 
this is the only known eukaryotic secretory protein which does not 
contain a transient signal sequence (see I.E). This work firstly showed 
by deletion analysis that residues 20-41 of ovalbumin appeared to contain 
the information for translocation of this protein in oocytes; to 
complement these deletion experiments this region of ovalbumin was then 
fused to chimpanzee a-globin and it was found that the resulting 
chimaerlc protein wa6 translocated when expressed in oocytes from 
injected DIA. The transmembrane Influenza virus protein neuraminidase 
also does not contain a cleavable signal sequence: in 1984 Bos et al 
reported that the 1-terminal 40 amino acids of neuraminidase could direct 
the translocation of signal-minus haemagglutlnln when the neuraminidase/ 
haemagglutlnln fusion gene was expressed in CV1 cells. Both these results 
Imply that uncleaved signal sequences are probably also functionally 
discrete units, although it is less easy to define the limits of the 
signal sequence in such cases.
As noted earlier (VI.A) at the time this work was initiated the 
functioning of the signal sequence as a self-contained unit was inherent 
in the concepts of the Signal Hypothesis for protein translocation, as it
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currently stood. The finding that the signal sequence did indeed appear 
to contain the information to initiate the translocation of proteins 
across the ER was, therefore, in concordance with the concept of the 
co-translational translocation of proteins across this membrane. It was 
also consistent with the idea that, as the first step towards the 
translocation of eukaryotic secretory or membrane proteins, SRP in the 
cytoplasm recognises and interacts with the signal sequence of the 
nascent protein as it emerges from the translating ribosome (see I.A.2>. 
It was originally envisaged that this interaction of the SRP with the 
nascent signal sequence resulted in an arrest in the translation of the 
particular protein which was released only on the subsequent interaction 
of this SRP/incomplete nascent protein/ribosome complex with the ER 
membrane via the SRP Receptor; then translocation of the nascent 
polypeptide chain occurred as its synthesis was continued. However, as a 
result of more recent data <ie Meyer, 1985) there is now doubt whether 
this SRP-lnduced arrest of translation is an integral part of the 
mechanism of translocation in vivo (discussed in I.A.2). It could be 
argued that in the absence of a SRP-induced translational-arrest the 
structure and conformation of the nascent polypeptide chain beyond the 
signal sequence could be important for translocation in vivo. However the 
results I have presented and the others discussed above suggest that 
sequences beyond the signal peptide (except perhaps the first few amino 
acids of the mature protein) are not required to initiate translocation in 
vivo or in vitro, and that in unprocessed translocated proteins the same 
function resides in a discrete stretch of amino acids, which is of a 
similar length to cleaved signal peptides.
In the Theory of Topogenlc Sequences, proposed by Blobel<1980>, the 
signal sequence for translocation across the ER is Just one subset of a 
wider class of 'signal sequences', defined as being responsible for 
initiating the translocation of proteins across translatlonally-competent 
cellular membranes (see Introduction I.B.l). The leader sequence of 
imported mitochondrial proteins and the transit peptide of proteins 
transported to the chloroplast are other subsets of the 'signal sequence' 
class of topogenic sequence; although the composition of these 
pre-sequences is distinct from the signal peptides of proteins 
translocated across the ER (see I.A.4). It is postulated in Blobel's theory 
that all these 'signal sequences' function as discrete, positively-acting 
units in initiating protein translocation. In contrast to translocation 
across the ER, the import of proteins to the mitochondrion and 
chloroplast has clearly been shown to be a post-translational process;
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hence it is conceivable that interaction between the transient 
pre-sequence and the mature portion of the protein could be an integral 
part of the translocation process. However in 1984 two publications by 
Hurt et al established that the transient leader sequence of a
mitochondrial matrix protein contained all the information for the 
correct post-translational localisation of a foreign cytosolic protein to 
this compartment of the mitochondrion; these workers were able to target 
the normally cytosolic murine DHFR to mitochondria by fusing it to
1-terminal domains of yeast cytochrome oxidase subunit IV, a matrix 
protein. There is now good evidence from in vitro and in vivo studies 
that mitochondrial leader sequences and the chloroplast transit peptide 
can function as an autonomous unit in directing the translocation of
proteins to the respective organelles (see Introduction I.B.4). The 
evidence is largely derived from examing the compartmentatlon of various 
chimaeric proteins encoded by fusion genes containing the 'signal 
sequence' of a translocated organelle protein Joined to coding sequences 
of a cytosolic protein.
Hence the available evidence suggests that eukaryotic 'signal 
sequences' do contain all the information necessary to Initiate the 
translocation of proteins across the translocationally-competent 
intracellular membranes; although the mechanism of protein translocation 
across each type of membrane must differ. In the context of the proposed 
signal sequence mutagenesis studies (outlined in I.B) a block in
translocation caused by a mutation in the signal peptide region of 
preprochymo6in can, therefore, be considered a consequence of alterations 
in the structure of the signal sequence per se, and not due to disruption 
of any interactions between the signal peptide and the mature part of the 
secretory protein.
VI.F.2. A functional signal sequence is not sufficient to direct the 
secretion of a protein
Although the preC«L and preCcaL precursors were translocated and the 
signal sequence cleaved in the Xenopue oocyte they were apparently not 
secreted, since no lmmunoepeciflc products could be detected in medium 
surrounding oocytes mlcroinjected with the fusion genes contained in the 
pTKa vector or with synthetic RIA encoding the hybrid proteins (see 
sections B, C A D). Such a phenotype of signal sequence processing but 
not secretion has previously been observed for mutant secretory 
immunoglobulin light chains. Work by Nosmann and his coworkers found 
that in two cell clones derived from a myeloma cell line (I0PC315) the
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immunoglobulin X light chains were not secreted and were structurally 
altered, compared to the X chains secreted by the parent cell line; both 
the mutant X chains synthesized in vivo were found to be processed
relative to the precursor polypeptides translated In vitro from
polyribosomes isolated from each cell line (Mosmann et al, 1979, Mosmann & 
Williamson,1980). The structural alteration was localised in each case to 
a different cyanogen bromide peptide and each is thought to be a point 
mutation. The same phenotype of translocation and signal-processing but 
no secretion was also observed when these mutant X chains were expressed 
in Xenopus oocytes (Valle et al,1983). In the work mentioned in F.l,
carried out in this laboratory, on the segregation in oocytes of deletion- 
mutants of ovalbumin (Tabe et aj,1984, see Appendix), it was found that 
two truncated mutant ovalbumins were not secreted but were associated 
with the membrane and vesicle fraction of the oocyte and contained 
I-glycosylation (an event which takes place in the ER, see I.A.3). In 
addition ovalbumln-globin fusion proteins containing the I-terminal 
region from these deletion mutants were also not secreted but had
translocated completely through the EK membrane, Judging by the full 
protection of the membrane-associated ovalbumin/globln protein from 
digestion by exogenous proteases.
It appears, therefore, from the results described above that although 
a protein contains a signal sequence which directs its translocation 
across the EE membrane, with signal cleavage occurring where appropriate, 
this is not sufficient for subsequent secretion of the protein. These data 
imply that the role of the signal sequence is in the translocation of 
proteins as the first step along the secretory pathway and that other 
'signals' or structural features are necessary to achieve passage of a 
protein beyond the ES to the cell surface for secretion. As noted in 
VI.F.l, within the context of the Signal Hypothesis and theory of 
topogenlc sequences the role of the signal sequence is to initiate the 
translocation of the nascent chain across the ER. The data described in 
this chapter and the results of others, discussed above, are in agreement 
with the assignation of this role to the signal sequence.
In 1980 the theory of topogenic sequences proposed by Blobel had 
postulated a class of 'sorting sequences' which would act after 
translocation to direct proteins from the RER to their correct subcellular 
location or to the plasma membrane for export (I.B.). As discussed in the 
Introduction (I.A.3, I.B.5) it has also been proposed that once a protein 
is sequestered within the ER through the action of its signal sequence it 
is then routed to the cell surface, and no other specific sorting signals
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are required for its subsequent secretion (le see review of Kelly,1985); 
only the retention of the translocated protein at a particular location 
along the secretory pathway is envisaged to require the positive action 
of specific topogenic sequences. During recent years evidence has 
accumulated for discrete positively-acting topogenic sequences, of the 
type envisaged by Blobel, being involved in directing the subcellular 
compartaentatlon of proteins (discussed in I.B). In addition, during the 
course of the work of this thesis several lines of investigation were 
published which supported the view that in the absence of other topogenic 
information a protein translocated within the EK will ultimately be 
exported by the cell (ie Gethlng & Sam brook, 1982; Vledman et al,1984; 
Poruchinsky et al,1985, discussed in I.B). However, experimental data 
presented in this thesis and by others (described above) show that the 
action of a functional signal sequence is not sufficient to achieve the 
secretion of a protein. Vhat then is the reason or basis for the 
non-secretion of the C«L and C«2L chlmaeric proteins which translocate 
the EK membrane?
It is evident that neither of the constituent secretory proteins 
from which preC«L and preC«2L are constructed contain a 'stop-transfer 
sequence' which could halt the translocation of the hybrid proteins 
(Blobel,I960; see I.B.5); it is therefore unlikely that the failure to 
detect a secreted C*L or C«2L product is a consequence of the chlmaeric 
proteins being anchored in the membrane. Although this possibility cannot 
be rigorously excluded at this stage since the work described in this 
chapter did not examine whether the preprochymosln/lysozyme fusion 
proteins were wholly translocated across ER membranes (see later, F.4); 
however the complete translocation of C«L and C«2L is predicted as 
preprochymosln and prelysozyme are 'translocationally permissive' amino 
acid sequences.
Particular mutations in the signal sequence of certain secretory 
proteins have been found to result in mutant proteins in which the 
initiation of translocation into the EK is not prevented but signal
peptide processing is inhibited; these translocated precursor proteins 
tend to remain associated with the ER membrane and are not secreted 
(Hortin h Boime,1980 and 1981; Schauer et aJ.1985). In these cases it 
seems the absence of signal processing is the basis for non-secretion, 
possibly due to this preventing the completion of the translocation of 
the mutant protein across the BR membrane; since, although the mutant 
signal peptide apparently no longer contains the functional wild-type 
signal peptidase cleavage site, some precursors are processed at a
134
substitute site and the abberantly cleaved proteins are slowly secreted. 
Since C«L and C«2L are efficiently processed on translocation the absence 
of cleavage of the signal peptide is not the reason that these proteins 
are not secreted.
It is likely that the block in the secretion of C«L and C«2L takes 
place after their translocation and processing in the ER. The stretches 
of amino acids which comprise any topogenic 'sorting sequences' which are 
necessary to direct the passage of secretory proteins from the ER are 
likely to be present in C«L and C«2L in the lysozyme derived domain, 
which is all but the I-termlnal 7 residues of mature lysozyme (see VI.B 
and VI.C). The lack of secretion of C«L seems curious since the primary 
sequence of the signal-processed C«L product is nearly identical to that 
of mature lysozyme (see Fig.VI.1), differing in only the 6 amino acids at 
the V-terminus; yet lysozyme was found to be efficiently secreted when 
expressed in oocytes from cDIA or synthetic RSA (see VI.D). However it 
was noted that of the 7 codons of mature lysozyme which were replaced by 
prochymosin sequences in the construction of C*L, one was a cysteine 
residue which in native lysozyme forms a disulphide bridge with another 
Cys at the C-termlnus (residue 127), one of the four disulphide bridges 
found in lysozyme (Imoto et al, 1973). Hence at the most only three 
correct disulphide bridges can be formed in the lysozyme domain of C*L in 
the ER. The absence of this H-termlnal Cys in C«L therefore means the 
hybrid is unable to adopt a tertiary structure which resembles lysozyme 
and this is postulated to be the basis for the lack of secretion of CcL. 
Since this Cys, the sixth residue of lysozyme, is also missing in C*2L the 
consequent perturbation of the conformation of the lysozyme domain in 
this larger hybrid is also likely to be the reason why it was not 
exported from Xenopus oocytes. This conformational difference between 
native lysozyme and the lysozyme portion of the preprochymosln/lysozyme 
hybrids al6o has other implications on the interpretation of the 
experimental results of this chapter, these are discussed later (F.3). As 
discussed earlier, in other instances the presence of a functional signal 
sequence has been found to be sufficient to direct the secretion of a 
foreign or mutant protein. This fact indicates that it is perhaps the 
alteration of the physical properties per so of the secretory protein 
chlmaeras, compared with those of the native constituent proteins, which 
prevents their passage along the secretory pathway; rather than 
perturbation of protein structure at the secondary or tertiary level 
causing the functional disruption of positively acting 'sorting sequences . 
Therefore it is envisaged that the transit of a protein along the
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secretory pathway depends not only on the presence of the appropriate, 
positively-acting topogenic sequences, but also on the polypeptide chain 
having a structure compatible with its passage through the different 
compartments on the secretory pathway. It has been found that the 
addition of a functional signal sequence will only direct the 
translocation of a cytosolic protein across membranes if the amino acid 
sequence of the cytosolic protein is 'permissive' for membrane 
translocation (see Garoff,1985). Following translocation other properties 
will be required if a protein is to be secreted, such as solubility in the 
interior of the ER and Golgi complex.
V.F.3. Compartmentation and immunoprécipitation of CtL and C«2L expressed 
in oocytes
It was surprising when C*2L was first expressed in oocytes, from 
pTK2C«2L+ DMA, that prochymo6ln antibodies apparently recognised C»2L 
better than antilysozyme (see Flg.VI.5), since this hybrid contains 122 of 
the 129 residues of lysozyme but only 62 of the 365 amino acids of 
prochymosin. This original observation of the differential precipitation 
by antilysozyme (alys) and antlprochymosin (apC) of C*2L led to the 
combined use of both antibodies to lmmunopreclpitate C*2L when it was 
subsequently expressed from SP6C«2L RIA (Fig.VI.6). The loss of the 
cysteine residue in the lysozyme domain of the hybrid proteins, described 
in VI.F .2, with the consequent effect on the protein conformation, is a 
strong candidate for the observation that the C«2L chlmaera, expressed in 
vitro and in the oocyte, is recognised better in immunoprécipitations by 
apC than by alys (V.C.2 A E.2). As the conformation adopted by the 
lysozyme domain of C«2L is likely to be quite distinct from that of 
native lysozyme, many of the epitopes which are recognised by the 
antibodies raised against lysozyme may no longer be exposed for cross- 
reaction when C«2L Is  lmmunopreclpltated with alys. Since only alys could 
be used to lmmunopreclpltate C«L, there is a concern that the poor cross- 
reaction of the alys antibodies with the mutant lysozyme domain of the 
hybrid proteins may result In incomplete immunoprécipitation of C«L 
present in oocyte fractions. This possibility should be borne in mind 
when considering the compartmentation of the fusion proteins In the 
oocyte, and means a conclusive interpretation cannot be made. If antisera 
were raised against denatured lysozyme in which the disulphide bridges 
are reduced, this could prove more efficient at quantitatively 
lmaunoprecipltatlng both C«L and C«2L.
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In terms of the compartmentatlon of C«2L expressed in the oocyte 
from synthetic RHA, it was consistently found when either apC alone or 
apC plus alys antibodies were used for immunoprécipitation that 
significantly more C*2L protein was detected in the membrane fraction 
than in the cytosol (see Vl.D. and Figs.VI.6, 10 A 11). If these results 
represent quantitative immunoprécipitation of C«2L present in the oocyte, 
the fractionation of C«2L primarily with the membrane fraction reflects 
the normal distribution of preprochymosin and most other segregated 
foreign proteins expressed in Xenopus oocytes (Colman A Morser,1979; see 
III.F and V.C). As noted earlier (III.C), work carried out by Cutler had 
already found that the secretory protein lysozyme showed an anomalous 
fractionation pattern when expressed in Xenopus oocytes from mRHA 
(Cutler et al, 1981; Cutler, 1982). Following microinjection, when the 
oocytes were labelled with 3‘S-methionine for 24h then fractionated, 
approximately equal amounts of lysozyme were found in the cytosol and 
vesicle fractions (le see Flg.VI.il). Further studies showed that 
approximately 15% of the lysozyme synthesized and signal-processed could 
not be 'chased* out of the oocyte by newly-synthesized unlabelled 
lysozyme, unlike most sequestered foreign proteins. The work described in 
this thesis has confirmed that when lysozyme is expressed in oocytes 
from cDIA or synthetic SP6 RHA as much processed lysozyme is detected in 
the cytosol as in the membrane fraction (le Figs. III.3 ft VI.7). When 
SP6C*L was expressed in oocytes it was interesting to find that the C«L 
hybrid protein also consistently displayed this anomalous fractionation 
(ie see Fig .V 1.7), with approximately equal amounts of the signal- 
processed C«L detected in the cytosol and the membrane fraction. As noted 
above it is recognised that poor recognition by alys of the lysozyne 
domain of C«L may mean the C«L present in the oocyte fractions is not 
quantitatively immunoprecipitated in these experiments. However further 
evidence that C«L expressed in the oocyte is present in the cytosol and 
vesicle fractions in roughly equal amounts, came from an experiment 
carried out by Alan Colman subsequent to my own work. He injected oocytes 
with SPbCtL then labelled and fractionated them as usual; however the 
samples of the fractions were analysed without Immunoprécipitation 
directly by SDS-PAGB and fluorography. The autoradiograph of this gel 
showed a relatively strong protein band the size of C«L present in 
approximately equal amounts amongst the proteins in both the cytosol and 
membrane fractions, but not amongst the secreted proteins. The basis for 
the unusual compartmentation in Xenopus oocytes of lysozyme and the C«L 
hybrid, but not apparently C«2L, could be the subject of further
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Investigations. For example, how much of the preprochymosin protein is 
required in a preprochymosin/lysozyme chimaera in order to cause the 
hybrid to display the more usual distribution in the oocyte and 
fractionate predominantly with the membranes? Is the relatively high 
association of signal-processed lysozyme and C«L with the cytosolic 
fraction specific to lysozyme, or is it simply a consequence of the small 
size of these segregated polypeptides?
It was also found that the relative amounts of C«2L protein detected 
in the cytosol and membrane fractions of oocyte expressing the C*2L 
fusion gene was not the same when alys and apC were used as antibodies 
for immunoprécipitation (see Figs.VI.5, 10, 11). This differential 
immunoprécipitation suggests that the conformation of the C«2L protein 
detected in the cytosol and membrane fractions of the oocyte is 
different. If it is assumed that the nascent preC<2L expressed in the 
oocyte translocates into the ES, and the subsequent detection of 
processed C*2L in the cytosol fraction results from disruption of 
mlcrosomes during homogenisation of the injected oocytes; then the change 
in the conformation adopted by the 'cytosol-associated' C«2L will have 
taken place in the buffer used in the homogenisation process (see II.H). 
The relative amounts of C«2L lmmunoprecipitated by apC and alys from 
injected oocytes was not, however, consistent in different experiments 
(compare Flgs.VI.5, 10 à 11). In one experiment (shown in Fig.VI.11) 
approximately equal amounts of the chimaerlc protein were detected by 
alys and apC in the cytosolic fraction, but in the membrane fraction more 
protein was lmmunoprecipitated by apC than by alys. Yet in another 
experiment in which C*2L was also expressed in oocytes from SP6C*2L RBA 
(Fig.VI.10), virtually no protein was immunopreclpltated by alys from 
either the cytosol or vesicle fractions, although the use of apC resulted 
in clearly detected C«2L protein bands in both these fractions. This 
variation perhaps reflects further changes in the conformation of C«2L 
which occur during storage of the oocyte fractions, which alter the 
subsequent recognition of the hybrid protein by the lysozyme antibodies.
V1.F.4. Future work
It would be of interest to Investigate further the translocation, 
processing and subcellular localisation of C<L and Ci2L. Amino acid 
sequence analysis of the processed forms of the hybrid proteins detected 
in the oocyte would determine whether or not the preprocbymoeln signal 
peptide has been correctly cleaved on translocation of C«L and C«2L; a 
similar analysis could be made of the cleaved hybrid proteins produced fa
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vitro in the presence of mlcrosomes. As mentioned earlier (VI.F.2) the 
complete translocation of the preprochymosin/lysozyme fusion proteins 
across the ER membrane is predicted, but the work of this chapter did 
not experimentally test this. If on further study the processed membrane- 
associated C*L and C«2L produced both in the oocyte and on translocation 
in vitro were found to be resistant to digestion by exogenous proteases, 
this would demonstrate the complete polypeptide chain was translocated 
across the ER membrane. Using carbonate extraction of membranes to 
discriminate between integral and peripheral proteins would provide 
further information on the association of the hybrid proteins with the 
oocyte membranes (see Tabe et al in Appendix). Density gradient 
fractionation of homogenised oocytes injected with SP6 RBAs encoding the 
fusion proteins and preprochymosln and lysozyme would enable some 
comparison to be made of the intracellular location of the hybrid 
proteins and their constituent secretory proteins. For the experiments 
described above one would need to be confident of quantitatively 
detecting the chimeric proteins in the oocyte fractions. It may be 
necessary to raise antisera against denatured lysozyme containing no 
disulphide bridges to provide antibodies which efficiently
immunopreclpitate C«L and C*aL.
The use of microinjection of cells in tissue culture and 
immunofluorescence to visualise the foreign proteins could provide more 
Information on the subcellular localisation of C«L and C«2L along the 
secretory pathway: whilst capped SP6 RIAs could be used for these 
experiments it has been found that these must be polyadenylated for 
expression in cells in culture (Drummond et al, 1985).
VI.G. «»■■ary
Two preprochymoeln/lysozyme fusion genes were constructed in which 
the signal peptide and first 7 amino acids of prelysozyme were replaced 
by different regions of preprochymosin cDIA. The first fusion gene, C«L, 
contained the signal sequence and first 8 amino acids of prochymoeln. 
When this construct contained in the pTfo expression vector was initially 
injected into Xenopus oocytes no C«L protein was detected, although in one 
subsequent experiment a product was detected from the C«L fusion cDIA. 
The early results led to the construction of a second fusion gene, C«2L, 
in which a preprochymosin fragment encoding the signal sequence plus the 
first 82 residues of prochymosln was Joined to the same 122 codons of 
mature lysozyme. The injection of pTK2C*2L+ into oocytes resulted in only 
poor expression of a protein which displayed a mobility on SDS-PAGB
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consistent with the expected size of the C«2L chimaeric protein. The C«L 
and C*2L fusion genes were subsequently cloned into the SP«« vector, and 
synthetic RIAs encoding the hybrid proteins were transcribed in vitro in 
the presence of m 7GG capping dinucleotide. The m7GG-capped RIAs were 
found to be translated efficiently when injected into the cytoplasa of 
Xenopus oocytes, and in the wheat germ cell-free system. The injection 
into oocytes of the synthetic RIAs, SP6C.L and SP6C*2L, resulted in the 
synthesis of readily detectable amounts of both the C«L and C*2L proteins 
which were associated with the membrane and cytosolic fractions of the 
oocyte but were not secreted. However, when oocytes were injected with 
synthetic RIA encoding prelysozyae, the lysozyme expressed was 
compartaented and secreted in a similar manner to lysozyme expressed in 
oocytes following the injection of lysozyme 'natural* mRIA and cDIA 
(described in Chapter III). The products detected in the oocyte following 
injection of SPGCcL and SP6C«2L corresponded to the expected size of the 
signal-processed C«L and C*2L proteins, and on SDS-PAGE displayed an 
increase in mobility relative to the full-length precursors produced on 
translation of the same capped RIAs in vitro; the increased migration was 
consistent with the cleavage of the preprochymosin signal peptide. The 
association of the processed C«L and C«2L proteins with oocyte membranes 
showed the chlmaerlc proteins translocated the ER membrane and acted as 
a substrate for signal peptidase on the lumenal face of the ER membrane.
The translocation of preC«L and preC«2L was also studied in vitro by 
translating the synthetic RIAs encoding the hybrid proteins in a wheat 
germ cell-free system in the presence of dog pancreatic mlcrosomes. These 
in vitro experiments demonstrated that both preC«L and preC«2L were 
translocated and processed in the presence of microsomes; and the cleaved 
proteins produced in vitro displayed the same migration on SDS-PAGE as 
the products expressed from the same RIAs in the oocyte. Hence the in 
vitro translocation studies reflected the situation seen in vivo in the 
oocyte and Indicated that both C«2L and C«L contained the information 
which specifies the translocation and processing of these hybrid 
proteins. Therefore the signal sequence and first 6 amino acids of 
preprochymosin is sufficient to direct the translocation of signal-minus 
lysozyme into the ER membrane in vivo and in vitro. However, it appears 
that the presence of a functional signal sequence is not sufficient to 
direct the subsequent secretion of the protein in vivo. These results 
provided the first demonstration that the cleavable signal sequence of 
eukaryotic secretory proteins functions as an autonomous unit in 
initiating the translocation of the nascent polypeptide chain.
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-COICLUSIOSS ft PKOSPECTS-
VII.A. CHAPTERS 111-VI GOICLUSIOMS
VII.A.1. The Xenopus Oocyte and In Vitro Assay Systems
The experimental work described in the Results ft Discussion 
chapters < 111—VI > has employed the Xenopus oocyte as an in vivo system 
in which to study the segregation and secretion of eukaryotic proteins; 
in part consolidating further the usefulness of this system for such 
studies, but also raising some of its limitations.
Chapter III showed that cloned cDIA genes encoding the eukaryotic 
secretory proteins lysozyme, prochymosin and ovalbumin could be expressed 
in oocytes by inserting the cDIA into specific expression vectors so that 
the cDIA was under the control of a viral promoter which is active in 
Xenopus oocytes. A vector which contained the thymidine kinase promoter 
region from Herpes Simplex Virus was chosen as a suitable vector for the 
expression of cDIAs in oocytes, this was designated pTK2. Following 
injection of specific pTKi constructs into the nucleus of Xenopus oocytes, 
the foreign secretory proteins encoded by the cDNA were found to be 
sequestered in membranes within the oocyte and secreted into the medium, 
in a manner analagous to the compartmentation of the same proteins 
expressed from cytoplasmically injected mRIA. In particular prochymosin 
was secreted by Xenopus oocytes injected with preprochymosin cDNA 
(PPChy) contained in the pTKj vector, and within the oocyte the 
prochymosin fractionated predominately with membranes and vesicles with 
little detected in the cytosolic fraction. This distribution is the same 
as that previously observed for most foreign secretory proteins expressed 
in Xenopus oocytes from injected mRIA (eg Colman ft Morser, 1979). Vhen 
oocytes were injected with the pTK»Lys+ plasmid which encoded
prelysozyme, approximately equal amounts of apparently signal-processed 
lysozyme were detected in the cytosol and the membrane fractions of the 
oocyte; this reflected the anomalous distribution of lysozyme seen when 
Xenopus oocytes are injected with prelysozyme mRIA (Cutler,1982). In 
theory the use of the pTK* vector is not limited to the expression of 
secretory proteins in Xenopus oocytes, but could also be employed to 
express the translation products encoded by other cDIAs or by specific 
recombinant DIA constructs. Indeed the pTKa vector was used by Davey 
et aJ(1985> to study the localisation in oocytes of protein products 
encoded by influenza virus nucleoproteln cDIA and several deletion 
mutants derived from this cDIA, with a view to Identifying the 
karyophllic signal in this protein. However, whilst the wild-type
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secretory proteins lysozyme, prochymosin and ovalbumin were expressed at 
readily detectable levels in the oocyte following nuclear injection of the 
corresponding pTK2 construct; it was found that certain DNA constructs 
derived from these cDNA genes resulted in either no detectable 
polypeptide product in the oocyte, or gave low and variable levels of the 
foreign protein. As described in Chapter III, two constructs derived from 
the preprochymosin cDHA were also cloned into the pTK2 vector and 
injected into Xenopus oocytes; one of these (PChy) encoded a methionyl- 
prochymosin product and the other (Chy) methionyl-chymosin. As neither 
of these derivatives contains the signal sequence of preprochymosin it is 
expected that the PChy and Chy translation products will be
compartmented in the cytoplasm of the oocyte. The construct pTK2PChy+ 
only produced detectable levels of prochymosin protein in batches of 
oocytes in which the full-length PPChy DHA gave particularly good 
expression of preprochymosin; the small amount of PChy product which was 
detected was localised exclusively in the cytosol of the oocyte. However, 
no chymosin-specif ic protein was ever detected following injection of 
pTK2Chy+ into Xenopus oocytes. It was also found that neither of the 
preprochymosin/lysozyme fusion genes, CsL and C«2L (described in Chapter 
VI), gave good expression in the oocyte of the corresponding chimaeric 
proteins following injection of pTK2C«L+ or pTK2C*2L+ DNA. Similarly 
certain ovalbumin cDIA deletion mutants which were Injected into Xenopus 
oocytes in the pTK2 vector gave low or undetectable levels of the mutant 
ovalbumin protein; described in Tabe et al, 1964 (see Appendix).
The SP6 system developed by Helton et al(1984> first became 
available during the course of this work, and provided an alternative 
means of studying the compartmentation in oocytes of the translation 
products of wild-type cDIA, or of specific DNA constructs for which there 
is no natural mRBA. By cloning particular DHA fragments into the SP6 
vector it is then possible to generate In vitro large amounts of specific 
transcripts of the DNA insert. The work of Krieg & Nelton(1984) 
demonstrated that if a 5‘ cap is added post-transcriptionally to such SP6 
transcripts, using guanyltransferase, the synthetic RHA is expressed on 
injection into the cytoplasm of Xenopus oocytes. Experiments described in 
this thesis (Chapters V and VI) showed that if the in vitro transcription 
was carried out in the presence of the capping dinucleotide m 7GpppG, 
these m7GG-capped SP6 transcripts were also active in Xenopus oocytes. 
The proteins expressed in the oocyte from synthetic SP© RNAs were 
compartmented in the same way as those expressed from the corresponding 
natural mRBA or from cDNA; le. the secretory proteins prelysozyme and
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preprochymosin expressed in oocytes from SP6 RHAs were segregated into 
membranes, processed and secreted. It was found that injection of capped 
synthetic SPG RNA into oocytes resulted in the production of larger 
amounts of the foreign protein than was obtained following nuclear 
injection of the corresponding pTKi DNA. This meant that the PChy, C « L  
and Ct2L translation products, which showed poor and variable expression 
in oocytes from injected DHA, were clearly and consistently detected 
following injection of the corresponding SP6 transcripts. The injection of 
RHA into the cytoplasm of Xenopus oocytes is also technically easier than 
the nuclear injection of DHA. These factors mean that the injection of SP6 
transcripts synthesized in vitro from specific DHA inserts is the 
preferred method of expressing cloned cDHA genes, and constructs derived 
from them, in Xenopus oocytes. The work described in Chapters V and VI 
showed that the injection of synthetic SP6 RHAs into oocytes can be used 
to characterise the compartmentation of polypeptides encoded by hybrid 
genes or derivatives of a secretory protein cDHA. However, it was also 
found that not all SP6 transcripts which are capable of producing a 
translation product will necessarily . result in the expression of 
detectable levels of the specific protein on injection into oocytes. When 
SPGChy RHA, encoding signal-minus chymosin, was injected into Xenopus 
oocytes no chymosin was detected. In terms of using Xenopus oocytes as a 
system in which to study the compartmentation of eukaryotic proteins it 
is possible that derivatives of secretory proteins which cannot 
translocate into ER membranes may be unstable as 'mlscompartmentallsed' 
proteins in the cytoplasm of the oocyte, and will never be detected due 
to their rapid degradation. It is also possible that in certain SP6 RHAs 
the sequences upstream from the Initiation AUG may be unfavourable for 
translation in the oocyte. The absence of a detectable In vivo translation 
product from a particular SP6 RHA could also result from instability of 
the synthetic transcript in the oocyte. These situations are probably 
more likely to arise when the synthetic RHA is not transcribed from a 
DIA template which is exactly complementary to natural mRHA sequences; 
for example, in transcripts of mutated cDHAs, or those of inserts 
containing sequences derived from synthetic oligonucleotides.
The advent of the SPG in vitro transcription system also enables 
the protein products encoded by specific DHA constructs to be analysed 
using eukaryotic in vitro translation systems. In Chapters V A VI it was 
shown that when each of the six SPG RHAs synthesized (including SPGChy) 
was translated in a wheat germ cell-free system this resulted in readily 
detectable amounts of the appropriate polypeptides, even for SPGPChy and
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SP6Chy transcripts in which the nucleotide sequences flanking the 
initiation AUG are 'unfavourable' in terms of the consensus sequence 
derived by Kozak (Kozak,1903b; see III.E.2). It was also found there was 
no necessity to specifically immunoprecipitate the protein expressed from 
the exogenous SP6 RHA prior to analysis of the in vitro translation 
product by SDS-PAGE; although in the absence of immunoprécipitation RNase 
digestion of 32P-labelled transcripts was required to avoid a high 
background of radioactivity on the gel. The above factors mean that 
initially the translation product encoded by a particular synthetic 
transcript can conveniently be examined using in vitro translation 
systems.
Experiments in which SP6 RHAs encoding prelysozyme, preCsL and 
preC«»L were translated in vitro in the presence of microsomal vesicles 
(VI.E) demonstrated that the signal sequence present in these precursor 
polypeptides could direct the translocation of the nascent polypeptide in 
vitro-, in agreement with the data obtained from Xenopus oocyte in vivo 
assays. These findings pave the way for an extension of the use of in 
vitro translation-translocation assays 'to cover the study of the 
translation products encoded by SP6 RHAs transcribed from specific DHA 
constructs, particularly those for which there is no natural mRNA 
counterpart. These experiments would be analogous to those carried out in 
the past with authentic eukaryotic mRHAs; for example, work described in 
IV .C used protease resistance assays to demonstrate that both the 
prochymosin proteins encoded by the preprochymosln mRHA were fully 
translocated within microsomal vesicles in vitro. However, it was found 
that the conditions required to assay for protease resistance is not the 
same for all translocated proteins; the precise conditions need to be 
determined empirically for the particular polypeptide to be studied. It is 
also anticipated that it will be possible to use SP6 RHAs in 'depletion 
and reconstitution* in vitro translocation studies, similar to those 
carried out by Walter 4 Blobel (1981a and b), Gilmore et al( 1982a and b) 
and Meyer et al(1982a and b) (see I.A.2). In these experiments specific 
protein components are extracted from the in vitro translation- 
translocation system and the effect this has on the translocation of 
nascent polypeptides is characterised. It can also be determined how the 
translocation activity is affected by the addition of particular extracts 
to the depleted system.
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Hence the segregation of proteins encoded by cloned cDHAs for 
secretory proteins, and by derivatives of these cDNAs, can be assayed in 
Xenopus oocytes and in vitro through the use of synthetic SP6 RHAs. 
Xenopus oocytes provide an in vivo system in which not only 
translocation, but also secretion of the polypeptides can be studied; 
although there is a problem of the possible instability of
'miscompartmentalised' proteins. Degredation of newly-synthesized proteins 
does not appear to be a drawback when using in vitro translation- 
translocation assays. These in vitro systems allow a closer examination 
to be made of the process of translocation of nascent polypeptides across 
ER-derived microsomal membranes; although no information can be gained 
on the subsequent intracellular localisation of the translocated
polypeptides.
VII.A.2. The Function and Autonomy of Eukaryotic Signal Sequences
Experiments with preprochymosin mRHA, described in III.D and 
Chapter IV, showed that preprochymosin behaves like a 'classical' 
eukaryotic secretory protein with a cleaved H-terminal signal peptide. 
Firstly, when preprochymosin mRHA was Injected into Xenopus oocytes this 
resulted in the expression of a protein, immunoprecipltated by 
prochymosin antisera, which was segregated into membranes and secreted 
by the oocyte; this protein comigrated with authentic prochymosin. On 
closer examination it was found, unexpectedly, that when preprochymosin 
mRHA was expressed either in oocytes or in vitro two proteins were 
detected which showed close migration on SDS-PAGE, and both proteins of 
the doublet were precipitated by antibodies raised against calf 
prochymosin. Compared with the primary translation products expressed 
from the preprochymosin mRHA in vitro (approx. 42.5K and 43K), the 
prochymosin proteins segregated and secreted by oocytes were smaller 
(approx. 41.5K and 42K); and it is likely this processing is due to 
cleavage of a H-terminal signal peptide on translocation of the 
preprochymosin precusors in vivo. This is in accord with the observation 
that preprochymosin cDHA clones encode a polypeptide with 16 anino acids 
H-terminal to the known amino acid sequence of prochymosin (Harris 
et al,1982; Hoir et aJ,1982>; this H-terminal extension is similar in 
structure to the signal peptides of other eukaryotic secretory proteins 
(Watson,1984). The segregation of preprochymosin in oocytes was supported 
by the results of in vitro translation-translocation assays, which showed 
that if microsomes were present during translation both the 
preprochymosin precursors encoded by the mRHA were translocated
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completely within these vesicles and processed. Thus it appears that the 
two primary translation products of preprochymosin mRNA contain a 
transient signal sequence which directs the translocation of nascent 
preprochymosin across HR membranes in vitro and in vivo, with cleavage 
of the signal peptide occurring on translocation. The translation of
preprochymosin polyA RNA, extracted from the abomasum of unweaned
calves, had previously been reported to produce only one prochymosin- 
specific protein (Nishimori et al, 1981; Harris et al, 1982; Moir
et al, 1982; Nicholson 4 Jones,1984; McConnell et al, 1984). It is suggested 
that the two electrophoretically distinct preprochymosins encoded by the 
mRNA have slightly different amino acid sequences, and represent the 
translation products of allelic chymosin genes; one is probably 
preprochymosin B and the other may be preprochymosin A (Foltmann
et al,1977 and 1979).
Work discussed in III.E and V.B confirmed that the N-terminal signal 
sequence of preprochymosin is essential for translocation of the nascent 
protein. These experiments compared the compartmentation in Xenopus
oocytes of polypeptides expressed from -full-length preprochymosin cDNA 
(PPChy) and from the construct PChy, derived from PPChy cDNA, which 
encodes methionyl-prochymosin without the signal peptide region. When 
PChy was expressed in oocytes from injected DNA (pTKjPChy+) or SP6PChy 
RIA, the prochymosin protein detected was localised exclusively in the 
cytoplasm and showed no association with membranes. Vhereas in the same 
experiments the pTKiPPChyt DNA or SP6PPChy RNA expressed a protein which 
was segregated, processed and secreted, like the prochymosins expressed 
following injection of preprochymosin mRNA.
At the outset of the work covered in this thesis there was an open 
question as to whether the signal sequence of eukaryotic secretory 
proteins contained all the information to direct the translocation of the 
nascent protein across the ER membrane. The work described in Chapter VI 
was concerned with investigating the functional autonomy of eukaryotic 
signal sequences. The question addressed was whether the cleaved signal 
peptide region of a eukaryotic secretory protein was a functionally 
self-contained unit which, on transfer to a different signal-sequence- 
minus polypeptide, could direct the translocation of the resultant hybrid 
protein.
The two fusion genes which were constructed from preprochymosin and 
prelysozyme cDNA encoded chimaeric polypeptides in which the signal 
sequence plus the first 7 amino acids of lysozyme were replaced by 
different N-termlnal regions of preprochymosin. In the preC*L chlmaera
146
the signal peptide and first 6 amino acids of prochymosin are Joined to 
the lysozyme domain; whilst the preCtaL hybrid contains the 'pre* sequence 
plus the first 62 residues of prochymosin. When the C«L and C62L fusion
gene products were expressed in Xenopus oocytes they were apparently
segregated in the membranes of the oocyte, but were not secreted. The 
fusion proteins detected within the oocyte (in the membrane and the 
cytosol fractions) were processed relative to their respective primary 
translation products, obtained by translation of SP6 RNAs in vitro. This 
indicated that in vivo both the preCsL and preC*2L nascent polypeptides 
gain access to the lumenal side of the ER membrane where the signal
peptide is cleaved by signal peptidase. In vitro translation-translocation 
studies provided further evidence to support the hypothesis that the C*L 
and C*2L gene products contain the information specifying the
translocation and processing of these hybrid proteins. Translation of 
SP6C«L and SP6Ct2L RNAs in vitro in the presence of microsomes resulted 
in the processing of preCcL and preC*2L, producing polypeptides of the 
same size as those detected in Xenopus oocytes from the same RNAs.
Hence it appears that the signal sequence plus the first 6 residues 
of prochymosin is sufficient to direct the translocation of signal-minus 
lysozyme into the ER membrane. These results indicate that the signal 
peptide region of preprochymosin does function as an autonomous unit, and 
that specific interactions between the signal sequence and the mature 
portion of the protein are not important for translocation of the nascent 
polypeptide. The functional autonomy of the signal sequence is in
agreement with the concept of co-translational translocation of 
polypeptides across the ER membrane, as contained in the Signal 
Hypothesis, and also provides support for some of the postulates of the 
Theory of Topogenic Sequences (Blobel,1980; Walter et al, 1984; discussed 
in I.A.2, I.B and VI.F).
Although the chimaeric precursors are segregated into membranes and 
processed, It was not possible to detect in vivo any of the C«L and C«ZL 
proteins in the medium surrounding the injected oocytes; yet the 
constituent preprochymosin and prelysozyme precursors are processed and 
secreted, following injection of the appropriate cDNA or SP6 RNA. This 
observation indicates that the role of the signal sequence is in
initiating the translocation of the nascent polypeptide as the first step 
along the secretory pathway, and that other features of the polypeptide 
chain are responsible for its subsequent secretion. The presence of a 
functional signal peptide in a polypeptide is clearly insufficient to 
ensure a protein is routed through the subsequent stages of the secretory
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pathway, following its translocation into the ER. It is probable that the 
non-secretion of the C*L and Ct2L hybrids is not a consequence of the 
absence of positively-acting determinants which are required for 
intracellular protein sorting after the action of the signal sequence. 
Instead it is suggested that the signal-processed C«L and C«2L proteins 
cannot be secreted since their physical properties per se are 
incompatible with their further passage along the secretory pathway, 
because the gross conformation adopted by the lysozyme and/or 
prochymosin domains of the chimaera is markedly different from that in 
the native constituent proteins. The results with the preprochymosin/ 
lysozyme fusion proteins do not accord with the theory that all proteins 
which translocate the ER membrane are routed to the cell-surface for 
export, unless they are retained or divert en route by the action of 
positively-acting topogenic sequence <ie Kelly,1985>.
VII.B. TOWARDS___UL__ VITRO MUTAGEHESIS__Q£__ IH£__SIGIAL__EEE1IEE__0£.
PREPRQCHYMQSIH
VI1.B.1 Objectives
It has been mehtioned several times in this thesis that thtlong term 
objective of the project was to introduce mutations into the signal 
sequence of a eukaryotic secretory protein; then study the translocation 
of such mutants in vivo, using Xenopus oocytes, and in vitro (ie see I.E). 
It was hoped this would provide information on the molecular structure of 
the signal peptide necessary for the translocation process. Due to the 
constraint of time it was not possible for me to fulfil this objective, 
but in this section I will discuss some of the practical and conceptual 
considerations involved in carrying out such a study.
It takes little analysis of published signal sequences (as compiled 
by Watson,1984) to conclude that there is great variation in the amino 
acid structure of the transient signal peptides of eukaryotic proteins 
which translocate the ER (as discussed in I.B.3). Yet each signal peptide 
distinguishes the nascent polypeptide for export from the cytoplasm, and 
apparently functions as a self-contained unit which Interacts with a 
common translocation machinery. As part of the process of translocation 
across the ER membrane seems to involve the signal peptide Interacting 
with at least one specific protein component (SRP), there nust be 
constraints on the structure of the signal sequence to enable these 
specific ligand-receptor interactions to occur. It is particularly 
interesting to compare the products of multigene families which have
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evolved from a single gene, in order to see what amino acid changes have 
been 'permitted' in these related signal peptides without destroying their 
function of initiating translocation across the ER. For example, comparing 
the signal peptides of six human a-interferons - A,B,C,D,F,G (Watson, 1984), 
there is a common amino acid at 9 positions which are scattered 
throughout the signal sequence <22 residues in total, excluding the 
initiation Met). At the other 13 positions two or three different types of 
residue are found; the alternative amino acids are as diverse as 
Trp/Pro/Ser (position -20), or more similar such as Leu/Val (positions -2 
and -13).
Theoretical considerations have led to the proposal of certain 
'rules' governing the structure required for a functional signal sequence 
(ie Von Heijne,1985; discussed in I.B.3). Several groups have 
experimentally characterised the effect of mutations in the signal 
sequence region of exported prokaryotic proteins (reviewed in Benson 
et al, 1985, Oliver,1985a; discussed in I.B.2), and these studies have drawn 
some consensus of the conformational requirements for a prokaryotic 
leader peptide. To what extent will studies on the effect of mutagenislng 
the signal sequence of a eukaryotic secretory protein agree with the 
theoretical calculations, or with work on prokaryotic secretory proteins? 
Can the experimental observations with eukaryotic signal sequence mutants 
support or extend current theories on the successive stages in the 
translocation of nascent proteins across the ER membrane (discussed in 
I.A.2)?
In the prospective study it was initially Intended to generate a 
range of mutations in the signal peptide region of cDHA encoding a 
eukaryotic secretory protein, and determine how effectively these mutant 
signal sequences functioned in the translocation of the nascent precursor, 
This would build up a picture of the effect of different amino acid 
substitutions on the maintenance of signal sequence function. This could 
lead later to a more detailed analysis of the flexibility at certain 
positions in the signal peptide.
The work described in Chapters III-VI examined the segregation of 
two wild-type secretory proteins with cleaved I-terminal signal peptides, 
preprochymosln and prelysozyme. Many of these experimental results were 
discussed in the context of the proposed signal sequence mutagenesis 
studies. From these studies, summarised in the previous section (VII.A.), 
it was decided that preprochymosin would be selected initially for signal 
sequence mutagenesis. In particular it had been demonstrated that 
preprochymosln behaved as a 'classical' eukaryotic secretory protein when
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express««! in Xenopus oocytes and in vitro systems; the precursor is 
segregated within membranes, processed and (in oocytes) secreted. It has 
also been shown the preprochymosin signal sequence is essential for 
translocation of nascent prochymosin. Furthermore the signal peptide of 
preprochymosin apparently functions as an autonomous unit in initiating 
translocation across the ER membrane in vivo and in vitro. From the 
experimental work to date it appears the main disadvantage to using 
preprochymosin for signal sequence mutagenesis studies, is the difficulty 
in resolving the preprochymosin precursor from signal-processed 
prochymosin by SDS-PAGE. As discussed in V.E & IV.D.2 by experimenting 
further with different gel electrophoresis systems it may be possible to 
surmount this problem. In the following sections I will therefore be 
discussing the proposed signal sequence mutagenesis study with respect to 
preprochymosin, but similar considerations would apply if other 
eukaryotic secretory proteins were used.
In the next section I will discuss briefly some of the site-directed 
mutagenesis techniques which could be employed to introduce mutations 
into the signal peptide coding region' of preprochymosin cDi A. The 
following section (VII.B.3) will briefly outline how it was intended to 
analyse the 'translocation phenotype' of the mutant preprochymosins; and 
consider the information this might yield on the process of the 
translocation of nascent eukaryotic proteins across the ER membrane.
VII.B.2 Site-Directed Mutagenesis of the Preprochymosin Signal Sequence
A full discussion of the subject of the site-directed mutagenesis of 
DMA can be found in the reviews of Shortle et ai(1981); Smith & 
Glllam(1981) and Smith(1982). In terms of the prospective study under 
consideration (outlined above) several criteria and questions need to be 
considered in deciding the mutagenesis strategy to be adopted. Clearly a 
means of producing a range of mutations relatively rapidly and simply is 
preferred. How are mutations to be directed and limited to the 
preprochymosin signal sequence? How can one identify and isolate the 
mutated preprochymosin cDIAs? Following mutagenesis the mutant 
preprochymosin genes will need to be inserted into the SP6 vectors in 
order to study their biological activity (see VII.B.3). It is not feasible 
here to present a full or detailed consideration of the relative merits 
and disadvantages of each mutagenesis procedure, in terms of producing 
the required preprochymosin signal sequence mutants.
It was originally proposed to generate a range of mutations in the 
signal sequence region of the secretory protein under study using sodium
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(a)
coding
non-coding
Met Arg Cys Leu
ATG AGG TGT CTC 
TAC TCC ACA GAG
Val Val Leu Leu
GTG GTG CTA CTT 
CAC CAC GAT GAA
Ala Val Phe Ala
GCT GTC TTC GCT 
CGA CAG AAG CGA
Leu Ser Gln Gly
CTC TCC CAG GGC 
GAG AGG GTC CCG
(b)
coding
coding
Phe
TTC
Phe
TTT
Leu Phe Val Val Phe Val Phe Phe Bad Gly 
TTA TTT GTT GTT TTT GTT TTC TTC TAG GGT
Phe Phe 
TTT TTT
Leu
coding CTT
Leu Ser
CTT TCT
(<0 lie Lye Tyr ... Met Met
coding
non-coding
ATA
TAT
AAG TAT 
TTC ATA
ATG ATG 
TAC TAC
H e  lie
coding
non-coding
AAA
TTT
ATA ATA
TAT TAT
Arg Val Val
coding
non-coding
AGA
TCT
GTA GTA 
CAT CAT
. Thr lie ... T h r .........Gln Ser
ACT ATC ACT CAA AGC
TGA TAG TGA GTT TCG
Asp
GAC
CTC
Asn
AAC
TTG
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( » )  The n u d e o t id e  and a e in o  » c id  sequence  o f t h e  « i ld - t y p e  p re p ro c h y e o e in  s ig n a l  sequence 
encoded by th e  PPChy cDNA ( H a r r i *  tí  »7,1982; t e a  F i g » ,111,4 A V.2 and V.8,2), B e lo e  a re  
th e  b a te  changa* in d u ce d  by « o d iu a  b i t u l p h i t e  a u ta g e n e « i*  o f  t h e  c o d in g  t t r a n d  (b )  and 
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« u b s t i t u t i o n *  th e « e  b ase  changa* « o u ld  c ause .
bisulphite mutagenesis (Shortle 4 Nathans,1978; Shortle a Botstein,1963). 
Sodium bisulphite can be used to specifically deaminate cytosine bases in 
single stranded DNA, producing uracil which subsequently pairs with 
adenosine in repair and replication. Hence it is possible to generate two 
types of base substitutions in the coding sequence of a particular DNA 
fragment: if the coding strand is exposed to the bisulphite C to T 
transitions occur, and if the noncoding strand is mutagenised this 
results in G-*A substitutions in the complementary coding strand. The 
mutagenesis conditions can be adjusted so that only one or two cytosines 
within the single stranded DNA are mutated, generating a mixed population 
of fragments with different base substitutions. Following treatment with 
sodium bisulphite the mutated DNA is then used to transform E.coli. This 
method has been used for site-directed mutagenesis by several groups (eg 
Giza et a2,1981; Veiher 4 Schaller,1982; Folk 4 Hofstetter,1983). Figure 
VII.1 shows the mutations which could be produced in the preprochymosin 
signal sequence by the action of sodium bisulphite on the coding and 
noncoding strands of the PPChy preprochymosin cDNA (described in 
Fig.III.4). Work of Chapter VI had revealed an error in the published 
sequence of this preprochymosin cDNA (Harris et al,1982>; the nucleotide 
sequence encoding the preprochymosin signal peptide shown in Fig.VII.1 is 
from my own DNA sequence analysis (see VI.B.2, Fig.VI.2). It was envisaged 
that a modification of the procedure used by Folk 4 Hofstetter(1983), 
involving M13 vectors, would be employed to produce a mutagenesis 
template in which the signal sequence of preprochymosin was exposed as 
single stranded DNA. It was hoped this could basically be achieved by 
annealing complementary strands of M13-PPChy and M13-PChy DNA.
The use of the nucleotide analogue CH*-hydroxy]dCTP (OHdCTP) 
provides an alternative means of generating a range of mutations within a 
particular stretch of DNA (ie see Muller et aJ,1978; Dierks et al,1981 and 
1983; Vlerlnga et al, 1983). N4-hydroxycytosine can base pair with both 
guanine and adenine, with roughly equal efficiency. Hence OHdCTP can 
substitute for dCTP and/or dTTP in the synthesis of the complementary 
strand to single stranded DNA. Following replication, where OHdCTP had 
originally been incorporated opposite guanine about 50% of the progeny 
will contain a G:C to A:T mutation; similarly, pairing of OHdCTP with 
adenine will result in some mutant progeny with A:T to G:C substitutions. 
Depending on whether the coding or noncoding strand is mutagenised in 
this way, and according to which nucleotides are replaced by OHdCTP in 
the strand synthesis, it is possible to produce A-*G, T-*C, G-*A and C-*T 
mutations in the coding sequence. The latter two of these are the same as
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( a ) Met Arg Cys
coding ATG AGG TGT 
non-coding TAG TCC ACA
Leu Val Val Leu Leu Ala Val
CTC GTG GTG CTA CTT GCT GTC 
GAG CAC CAC GAT GAA CGA CAG
Phe Ala Leu Ser Gin Gly
TTC GCT CTC TCC CAG GGC 
AAG CGA GAG AGG GTC CCG
(b)
coding
coding
Phe
TTC
Phe
TTT
Leu Phe Val Val Phe Val Phe Phe Old Gly
TTA TTT GTT GTT TTT GTT TTC TTC TAG GGT
Phe Phe
TTT TTT
coding
Leu
CTT
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CTT TCT
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... Thr lie ...
ACT ATC 
TGA TAG
Thr
ACT
TGA
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coding
non-coding
AAA
TTT
ATA ATA
TAT TAT
Arg Val Val
coding
non-coding
AGA
TCT
GTA GTA 
CAT CAT
Gin Ser
CAA AGC
GTT TCG
Asp
GAC
CTG
Asn
AAC
TTG
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particular stretch of DHA (ie see Muller et al, 1978; Dierks et ai,1981 and 
1983; Vieringa et al, 1983). N*-hydroxycytosine can base pair with both 
guanine and adenine, with roughly equal efficiency. Hence OHdCTP can 
substitute for dCTP and/or dTTP in the synthesis of the complementary 
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originally been incorporated opposite guanine about 50% of the progeny 
will contain a G:C to A:T mutation; similarly, pairing of OHdCTP with 
adenine will result in some mutant progeny with A:T to G:C substitutions. 
Depending on whether the coding or noncoding strand is mutagenised in 
this way, and according to which nucleotides are replaced by OHdCTP in 
the strand synthesis, It is possible to produce A-*G, T-*C, G-*A and C-*T 
mutations in the coding sequence. The latter two of these are the same as
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(a) Met Arg Cys Leu Val Val Leu
coding ATG AGG TGT CTC GTG GTG CTA
(b)
coding
Val Gl£
GTG GGG
Leu
CTG
(c) Thr ... Arg Pro Ala Ala Pro
coding ACG CGT CCC GCG GOG CCA
Leu Ala Val Phe Ala Leu Ser Gin Gly
CTT GCT GTC TTC GCT CTC TCC CAG GGC
Arg • • •
CGG
Pro Ala Ala Leu Ala Pro Pro .......
CCT GCC GGC CTC GCC CCC CCC
coding
Arg
CGC
Pro
CCC
Ser
TCC ‘
Cys Leu Pro
coding TGC CTC CCC
Figure VII,2 Possible eutations in the signal peptide of preprochyeosin using
[N*-hydroxy]dCTP
(») The « 1 ld-type signal sequence of preprochyeosin (see Fig,VII,1).
(b & c) The aeino acid changes generated by (b) A-»6 and (c) C-tT changes in the nucleotide 
sequence of the signal peptide region of preprochyeosin (PPChy), These base substitutions 
could be generated if coepleeentary strands to the coding and non-coding strands, 
respectively, of PPChy are synthesized using CN4-hydroxyIdCTP, dATP, dSTP and dCTP, If 
CN*-hydroxyldCTP, dATP, d6TP and dTTP «ere used in the saee «ay the possible aeino acid 
changes in the preprochyeosin signal peptide are the saee as those generated by sodiue 
bisulphite eutagenesis (see Fig,VII,1),
the mutations induced by sodium bisulphite mutagenesis (see Fig.VII.1). 
Figure VI1.2 shows the new amino acid changes which could be generated in 
the preprochymosin signal peptide through the use of OHdCTP. A drawback 
of this mutagenesis method is that the nucleotide analogue OHdCTP is not 
commercially available and must be synthesized by the reaction of 
hydroxylamine with dCTP. It is necessary to produce a suitable
primer-template complex in which only sequences complementary to all, or 
part of, the preprochymosin signal sequence are synthesized in the
presence of OHdCTP. In devising a strategy to generate a suitable 
template for the mutagenesis of such a small stretch of DMA (approx. 
50bp> one is hindered by the paucity of restriction sites. Consequently it 
may well be necessary to also employ modifying enzymes such as Bal31, 
T« polymerase or Klenow DMA polymerase to produce a suitable mutagenesis 
template.
Recently Myers et ali1985) reported a new procedure for generating 
and isolating random single base substitutions in cloned DBA fragments; 
using various chemicals to mutagenise the DMA. This may prove a
convenient method of producing a range of mutations in the
preprochymosin signal sequence.
The elongation of an appropriate primer-template complex, similar to 
those suitable for 'OHdCTP mutagenesis', is also involved in site-directed 
mutagenesis by 'forced nucleotide misincorporation'. In this technique 
single noncomplementary nucleotides are inserted at specific sites by 
error-directed DMA polymerisation, and one can in principle generate any 
base substitution (ie Trabonl et a.1,1893; Zakour et ai,1984). Although this 
mutagenesis method does not produce a range of mutants from a single 
reaction, it is possible to produce several mutations within a short 
stretch of nucleotides by limited manipulation of a basic primer-template 
complex.
Oligonucleotide-directed mutagenesis would provide the best means of 
producing specific base changes with high efficiency, at any position in 
the signal sequence (for review see Zoller A Smith,1983). Specific 
oligonucleotides, containing a single mutation of the PPChy sequence, 
would be annealed to single stranded wild-type PPChy, and then extended 
and replicated to produce mutant preprochymosin genes. However each 
mutant would entail the synthesis of a different oligonucleotide; so to 
produce a number of mutants would tend to be costly and time consuming. 
Although improvements in technology in recent years have resulted in 
cheaper and better machines and reagents for oligonucleotide synthesis;
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so that it is no longer always necessary to obtain oligonucleotides from 
commercial laboratories.
It is noted that some of the preprochymosin mutants generated by 
'random' mutagenesis methods (ie. bisulphite, OHdCTP, and the saturation 
mutagenesis protocol of Myers et al, 1985) will not be suitable for 
translocation studies. These include nucleotide substitutions which do not 
change the preprochymosin signal peptide amino acid sequence, mutants in 
which the initiation codon is destroyed, and base changes which introduce 
a termination codon - see Figs.VII.1 4 2. Similarly, mutations in the 5' 
noncoding sequence may alter the translational efficiency of the cDNA, 
which could complicate the anatysis of these mutants. On the other hand, 
if individual site-specific mutations are to be produced one needs to 
consider what rationale should be adopted to decide which particular 
amino acid changes are to be studied.
Following mutagenesis of the DIA, the identification of 
preprochymosin signal sequence mutants amongst the transformants 
obtained would involve DIA sequence analysis; and in many cases There 
will be no other means of discriminating transformants containing 
mutated, as opposed to the original wild-type, preprochymosin DNA. It is 
clearly highly desirable to use a method which produces a high frequency 
of mutants, to reduce the time taken to screen for mutants of interest. 
Vhichever method is used it would be convenient if the preprochymosin 
DIA were contained in one of the M13 vectors for mutagenesis. Therefore, 
as a preliminary step towards the site-directed mutagenesis of the 
preprochymosin signal sequence, both the PPChy and PChy Hindlll inserts 
<Flgs.III.4 4 5) were cloned into M13mpl0 and mpll, and transfectants 
containing these inserts in either orientation were isolated (as described 
in the Materials 4 Methods, II.C). These M13 clones could be used, in 
various ways, in the construction of a template for the mutagenesis of 
the preprochymosin signal peptide, as discussed in this section.
VII.B.3 Characterisation of Signal Sequence Mutants
The primary step in the biological analysis of preprochymosin 
signal sequence mutants will be to clone the mutated PPChy cDIAs into a 
SP6 vector, and produce synthetic transcripts in vitro. In characterising 
the translocation phenotype of preprochymoslns with mutated signal 
sequences, each experiment will need to Include wild-type SPGPPChy and 
PChy SP6 RIA (encoding Met-prochymosin) as positive and negative 
controls for translocation, It is not anticipated that there will 
necessarily be a clear division between signal sequence mutants which can
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and cannot translocate the HR membrane; for some mutants translocation 
may be impaired but not abolished. The primary concern is how the 
structure of the signal sequence relates to its role in enabling the 
nascent polypeptide to translocate the ER membrane.
It is known that the PChy polypeptide, which contains no signal 
peptide, is localised exclusively in the cytoplasm when expressed in 
Xenopus oocytes, and shows no association with the membrane and vesicle 
fraction; whilst full-length preprochymosin is segregated within the 
membranes and secreted (see VII.A). Oocyte microinjection experiments 
using transcripts of mutant preprochymosins will identify which mutants 
are detected in the membrane fraction, and those which are also secreted. 
In some mutants processing of the signal peptide will provide a useful 
indication of translocation of the ER membrane. As noted previously, it is 
anticipated that certain mutations, towards the C-terminus of the signal 
peptide, would inhibit cleavage of the signal sequence but not abolish 
initiation of translocation; and that inhibition of signal processing 
could prevent completion of translocation or other steps in the export 
pathway. Mutant preprochymosins which have functionally defective signal 
peptides and do not translocate the ER membrane, may not necessarily be 
detected in the cytosol, as discussed in VII.A. Parallel experiments in 
which the mutant preprochymosin SP6 RBAs are translated in vitro in the 
presence of microsomes, will provide further evidence as to whether the 
mutated signal sequence is able to direct the translocation of the 
nascent precursor into ER-derlved vesicles; and whether the translocated 
proteins are fully protected from digestion by exogenous proteases 
(discussed in VII.A.l).
Following the Identification of nontranslocated mutants it is hoped 
to carry out a closer examination of the basis for the failure of 
particular preprochymosins to segregate. In vitro translation- 
translocation experiments would be used, in which the process of 
translocation can be biochemically dissected. Adopting experimental 
approaches similar to others, as cited below, it is envisaged that the 
translocation of wild-type and mutant preprochymosins will be compared 
in studies which investigate the following questions. Does signal 
recognition particle recognise and bind to polysomes synthesizing the 
nascent preprochymosin? (Valter et al,1981). In a wheat germ system 
primed with SP6 RIA is synthesis of the preprochymosins blocked by the 
addition of SRP? (Valter 4 Blobel,1981b; Rottier et ai,1984>. Is the 
translation arrest Induced by SRP released by SRP Receptor present in 
whole or salt-extracted (SRP-depleted) microsomes? (Valter 4
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Blobel,1981b; Meyer et al, 1982b; Gilmore et al, 1982b). From the results of 
such studies it may be found that nontranslocated mutants can be divided 
into groups with different characteristics. For example, mutants which 
apparently interact with SRP but which remain in translation arrest even 
in the presence of microsomes. The translation of certain mutants may be 
unaffected by SRP. Others may show SRP-mediated elongation arrest and 
then continue translation when microsomes are added, but still not 
translocate the HR membrane. It is noted that recent studies have shown 
that the phenomenum of SRP-induced translation arrest is limited to the 
wheat germ In vitro translation system, and does not occur in mammalian 
cell-free systems (Hortsch 4 Meyer,1984; Meyer,1985). Hence it is probably 
an artefact of the reconstituted wheat germ system, and not an integral 
part of the translocation process In vivo. However, it may still be useful 
to use SRP-mediated elongation arrest to characterise preprochymosin 
signal sequence mutants, if it is found that the translation of wild-type 
preprochymosin is arrested by SRP in a wheat germ cell-free system. 
Since this could enable the interaction of SRP with the signal peptide to 
be separated from subsequent stages of translocation. It may also 
provides some information about the structural features of the signal 
sequence which allow it to interact with SRP. The existence or absence of 
subgroups amonst the nontranslocated mutants will indicate whether the 
sole function of the signal sequence is to bind SRP; with the effect that 
if this Interaction occurs the nascent polypeptide will translocate the ER 
membrane. Alternatively it may appear that the signal sequence contains 
information which specifies its interaction with several components of 
the translocation machinery.
Analysis of the effect of particular amino acid substitutions in the 
preprochymosin signal peptide on the 'translocation phenotype* of the 
nascent precursor, will gradually build up a picture of the 
structure-function relationship of the preprochymosin signal sequence. Hot 
only will a study of signal sequence mutants whose translocation is 
impaired contribute to this picture, but information is also to be gained 
from those signal sequence mutants in which the amino acid 
substitution(s) does not affect translocation.
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(R ece ived *5 J u n e  19H4, a n d  in  revised  fo r m  3  S e p te m b e r  19H4)
Cloned complementary DNAs encoding chicken ovalbumin, chicken prelysozyme 
and calf preprochymosin. prochymosin and chymosin were inserted downstream 
from various viral promoters in modified recombinant “shuttle” vectors. 
Microinjection of the ovalbumin, prelvsozyme and preprochymosin constructs 
into the nuclei of X enopus laevis oocytes resulted in the synthesis, segregation in 
membranes and secretion into the extracellular medium of ovalbumin, lysozyme 
and prochymosin. respectively. Judging from molecular weight estimations, 
lysozyme and prochymosin were correctly proteolytically processed while 
ovalbumin, which lacks a cleavablc signal sequence, was glycosylated. Injection of 
the I)NA construct encoding prochymosin without its signal sequence resulted in 
synthesis of prochymosin protein that was localized exclusively in the oocyte 
cytoplasm. No immunospecific protein was detected after injection of the I)XA 
encoding mature chymosin.
In terms of protein expression in oocytes, the Herpes s im p lex thymidine kinase 
(TK) promoter was up to sevenfold more effective than the simian virus 40 (8V40) 
early promoter, and equally as effective as the Moloney murine sarcoma virus long 
terminal re|>eat element. Where tested, protein expression in oocytes was much 
reduced if DNA sequences encoding the 8V40 small t intron and its Hanking 
sequences were present in the constructs.
S, nuclease mapping of transcripts produced after injection of DNAs containing 
the TK promoter indicated that the majority of transcripts initiated at. or within, 
two bases of the known "cap” site. However, minor transcripts initiating 
upstream from this site were observed and one (or more) of these transcripts was 
res|>onsihle for the synthesis of an ovalbumin polypeptide containing a 51 amino 
acid X-terminal extension. This extended protein remained in the oocyte cytosol.
When ovalbumin cI)XA was inserted into the vectors with opposite |M>laritv to 
the viral promoter, expression in oocytes resulted in the predominant synthesis 
and secretion of a variant ovalbumin with a 21 amino acid X-terminal extension, 
although some full-length ovalbumin was also synthesized and secreted. S, 
mapping revealed the presence, in these oocytes, of transcripts of predicted 
polarity initiating 118 bases upstream from the wild type ovalbumin initiator
t Present address: Department of Biochemistry ami Molecular Biology. Harvard University. 7 
Divinity Avenue. Cambridge. Maas. 0213H. U.8.A.
0022 2M30 X4 350*113 29 $03.00/0 H1 r* 0  I9H4 Academic Press Inc. (London) Ltd.
ATG. at a previously unreported SV40 “promoter”. No protein synthesis was 
detected after the injection of these reverse-orientation constructs into baby hamster kidney (BHK-21) cells.
1. In tro d u c tio n
In  recent years th e  Xenopus oocyte h a s  achieved prom inence as an efficient 
transla tional assay system  (reviewed by  I^ane & K now land. 1975: Asselbergs. 
1979: M arbaix & Huez. 1980: Lane, 1983; Colman. 1984). The ab ility  o f  th e  oocyte 
to  correctly post-tran s la tio n a lly  m odify m any foreign proteins encoded by the  
injected m RN A s rep resen ts a p a rticu la r  ad v an tag e  over cell-free transla tiona l 
system s (reviewed by  Lane, 1981; Soreq, 1984). A fu rth er ad v an tag e  of th is 
system  is th a t m icroin jection  is a  d irec t a n d  q u a n tita tiv e  m ethod for in troducing 
new genetic m aterial in to  a cell, and  th e  large size an d  m etabolic a c tiv ity  o f  th e  
oocyte m akes biochem ical analysis o f even one cell a feasible proposition.
We have been stu d y in g  th e  secretion o f  foreign p ro teins from Xenopus oocytes 
(reviewed by Lane et a /., 1980; Colman, 1982). In  q u a lita tiv e  term s, th e  behaviour 
o f  nearly all pro teins te s te d  in th is  w ay is sim ilar to  th a t  exh ib ited  in the  paren tal 
cell type. These resu lts  accord  w ith th e  p revailing  view th a t  certain  sorting  
sequences involved in p ro te in  segregation are o f  ancien t evo lu tionary  origin and 
can be effective in d is tan t cell ty p es (Sabatin i et at., 1982). Much of the  evidence 
to  support th is view has com e from stud ies in bacteria , where eukaryo tic  secretory 
proteins, including chick ovalbum in or ra t  preproinsulin , can be expressed and 
translocated  th rough  a  m em brane  un d er th e  d irec tion  o f  their own, o r a  bacterial 
“ signal” sequence (F ra se r & Bruce. 1978: T alm adge  et at., 1980). However, th e  
bacterial export p a th w ay  has only a lim ited  resem blance to  th a t  operating  in an 
anim al cell, so m any s tu d ies  have been in itia ted  where cloned eukaryo tic  DNA, 
m anipulated  in vitro, is in troduced in to  anim al cells. The effect o f various 
m u ta tio n s on th e  segregation  o f  th e  expressed  protein  can th en  be followed 
(G ething & Sam  brook, 1982: S veda et at.. 1982: Rose & Bergman, 1983; G aroff et 
at., 1983). The m ost successful s tu d ies  o f th is  ty p e  have used transien t 
transfection  or infection o f  cu ltu red  m am m alian  cells w ith the  modified DNAs. In 
th is paper we show how th is  stra teg y  can be ex tended  to  the  use o f the  oocyte.
Oocytes will tran scrib e  exogenous DNAs a fte r  m icroinjection (reviewed by 
G urdon & Melton, 1981; (dolman, 1984). In several cases th is transcrip tion  is 
faithful, and in th e  case o f  in tro n -co n tain in g  tran scrip ts , correct splicing has been 
observed (W ickens & G urdon , 1983) o r inferred (R ungger & T urler, 1978), 
a lthough the  efficiency is bo th  sequence-specific an d  variable (I). A. Melton, 
personal com m unication). However, m any  eu karyo tic  prom oters, including those 
for chick ovalbum in (W iekens et at., 1980) and  Xenopus a and  P  globins (Melton, 
|>ersonal com m unication), d o  not function  in Xenopus oocytes, whereas o thers (e.g. 
SYT40 (YVickcns & G urdon . 1983), th y m id in e  k inase (M cKnight & K ingsbury, 
1982), sea urchin h istone (P robst et at., 1979) and A'enopuH histone (Old et at., 
1982)) function quite  well. We report here the  efficient expression in oocytes o f 
various secretory p ro teins a fte r  m icroinjections o f DNAs contain ing  fusions 
betw een viral p rom oters a n d  cloned cDNA s. In th e  accom panying pa|»er (Tal>e et
E X P R E S S I O N  O F  C L O N E D  c D N A s  I N  X e n o p u s  O O C Y T E S «17
at., 1984) we show how th is expression can be exploited to  investigate polypeptide 
regions involved in the segregation of one of these p roteins, chick ovalbum in.
2. M ateria ls a n d  M eth o d s
(a) Chemicals and  reagents
All chemicals were of analytical grade and were purchased from British Drug Houses 
(Poole. U.K.). [35SJmethionine (150 to 400Ci/mmol), [y-32P]ATP (approx. 5000 Ci/mmol). 
[a-32P]dCTP (2000 Ci/mmol) and ^(’-labelled protein markers were obtained from the 
Radiochemical Centre (Amersham. U.K.).
Restriction enzymes, phage T4 polynucleotide kinase, H indA W linkers (G-C-A-A-G- 
C-T-T-G-C) and AYoRI linkers (G-G-A-A-T-T-C-C) were purchased from Bethesda Research 
Laboratories (UK). Phage T4 DXA ligase was a kind gift from C. Dam borough (Glasgow 
University). S, nuclease was from Sigma (U.K.) and calf intestinal phosphatase was from 
Boehringer (YY’est Germany).
Rabbit anti-ovalbumin complete sera, and FITC-conjugated goat anti-rabbit 
immunoglobin were purchased from Miles (U.K.). Rabbit anti-prochymosin was a gift from 
P. Lowe (Celltech. U.K.). and rabbit anti-chick lysozyme was a kind gift from I). Cutler 
(University of Warwick. U.K.).
(b) Construction o f expression vectors and preparation  o f m R N A s
Polvadenvlated oviduct mRNA from laying Rhode Island Red hens was prepared as 
described (Cutler et at., 1981). Preprochvmosin mRXA was prepared from unweaned calves 
as described by Harris et al. (1982). and was a kind gift from T. Harris (Celltech. U.K.).
(c) Source o f  recombinant D N A s
The recombinant plasmid p()v230. which contains a full-length chicken ovalbumin 
cDNAf (McReynolds et al.. 1977) was a kind gift from M. Wickens (University of 
Wisconsin). The plasmid plsl84. which contains all the chicken lysozyme coding sequence 
(Land et al.. 1981). was a gift from A. Sippel (Cologne. YVest Germany), tic!I DNA 
fragments containing the coding sequences for calf preprochymosin. prochymosin and 
chymosin. as described by Mellor et al. (1983). were gifts from T. Harris (Celltech). 
Recombinants pNY’2 SFY’(d-l) and pSV S-SFY’(d-l). which contain Kemliki Forest virus 
sequences (Garoff et al.. 1983: Kondor-Koch et al.. 1983). were gifts from H. Garoff 
(Heidelberg). Plasmids pTKMoLTR,. which contains the Moloney murine sarcoma virus 
long terminal re|»eat (Dhar et al.. 1980) and pTKl. which contains the Herpes sim plex  
thymidine kinase gene (Wilkie et a!.. 1980). were both kind gifts from N. Wilkie (Beatson. 
Glasgow, U.K.).
(d) Construction o f  expression vectors and D N A m anipula tion  techniques
In general, the techniques used to construct the different expression vectors were as 
described by Maniatis et al. (1982). The s|>ecitie techniques and any modifications of the 
techniques described by Maniatis et al. (1982) are described in Fig. I. Similar techniques 
were also used to manipulate the various eukaryotic DNAs before insertion into the 
vectors, and these are described in the appropriate Figures and legends.
t Abbreviations used: cDNA. com piemen ta ry DNA; PMSK. phenylmethylsulphonyl fiuoride. NDS. 
sodium dodeeyl sulphate. TK. thymidine kinase; LTK. lon^ terminal re|s*at. HHK. baby hamster 
kidney.
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„ ~ . n/namHo. 1. ( onstruction of axpivaaion vector» pSV,. pSV2. pTKj anil pLTRj. The plaamid» pSV2 anil p.SV, were derived from pSV S-8FV (d-l) and pSV2 SKV (d-l). re»pectively, bv excision of the Semliki 
horest virus sequenie (broken line) us m il the strategy indicated. These plasmids resemble the parental ll S V 2 vector as described by Mulligan A Hcry (IMHO) in that they contain 2.100 bases of pint sequences 
(thick lines) specifying the origin for plasmid replication and the ampicillinase gene. They also both contain SV40 sequences (open boxes) including a PvuW UimW U fragment containing the HV40 early 
promoter region. Downstream from the unique //indill site, relative to this promoter, both vectors have a fragment carrying the early transcripts termination and polyadenylation signals. In pSV2, this 
region lies almost adjacent to the //imllll site but in pSV, there is. between the //indlll site and the polyadenylation region, an additional Mho] fragment containing the 8V40 small t intron. The hatched 
box indicates a 21 base synthetic oligonucleotide that contains translational stop codons in all 3 
reading frames (see Garoff et at . 1983). The vectors pTKa ami pLTR2 were derived from p8Va after 
excision from p8V2 of the SV40 early promoter and its replacement with either a region of the Herpes 
simplex thymidine kinase gene (shaded box), or the Moloney murine sarcoma virus long terminal repeat (LTR: stippled box); manipulations were performed as indicated in the Figure. For clarity, the 
various regions of the vectors are not drawn to scale. The position and polarity of the various promoters are shown by the small arrows.
(e) M icroin jection  o f  D N A  and  R S A  into Xenopus oocytes
The microinjection technique« and oocyte culture condition« were a« described by 
('olman (1984). An important departure from the method used for previous DNA injections 
(e.g. see Wickens & Gordon. 1983) is the 45 min post-injection recovery period at 0°C. 
which we find increases oocyte survival. Plasmid DNAs were injected in 88mM-Na('l. 
10 m.w-HEPES (pH 7-6). at 150/jg/ml, whereas mRNAs were injected in distilled water at 
0-2.5 to l-0mg/ml. Injection volumes were approx. 40nl/oocyte. For protein labelling, 
injected oocytes were always cultured for 24 h before removal of unhealthy oocytes, then 
incubated in modified Barths' saline containing 1 mCi fJ5S)methionine/ml. in microtitre 
wells w ith 30 p\ of medium/5 oocytes (Colman & Morser. 1979; Colman. 1984). After 24 h 
incubation in radioactive media, oocytes and media were collected to await processing. 
Similar procedures were adopted where transcript analysis on oocyte RNA was the 
ex|M*rimental aim. except that no radioactive media were used.
(f) Oocyte fractionation
Labelled oocytes were usually homogenized as groups of 25 to 35 in 500 p\ of T buffer 
(50 mM-NaCl, 10 mM-magnesium acetate. 20 mM-Tris • HC1. pH 7-6) supplemented with 
10% (w/v) sucrose, 100 mM-NaCl and 1 mM-phenylmethylsulphonyl fluoride at 4°C. 
Homogenates were layered onto 1 ml of T buffer containing 20% (w/v) sucrose, in 5-ml 
polycarbonate tubes (M.S.E.. Crawley. U.K.) and spun in an 8 x 5 ml rotor at 17.000g mtt 
for 30 min at 4°C. The supernatants representing the oocyte cytosol (C) w'ere retained for 
immunoprécipitation. The pellets containing yolk and oocyte membranes were further 
extracted with 500 y \ of resuspension buffer (100 mM-Tris - HC1 (pH 7-6). 5 mM-magnesium 
acetate. 1% (v/v) Triton X-100 and 1 mM-PMSF) followed by centrifugation for 1 min at 
10.000 gmax in an Eppendorf microcentrifuge at 4°C. The supernatant (M) containing 
solubilized membranes, was retained for immunoprécipitation.
In some cases, oocytes were homogenized directly in resuspension buffer and clarified by 
centrifugation as described above.
(g) Im m unoprécipitation and electrophoresis
In early experiments, immunoprécipitations of the membrane (M), cytosol (C) or labelled 
incubation media (S) were performed exactly as described by Valle et al. (1983). In later 
expriment«, all samples were first clarified by centrifugation in a Beckman airfuge at 
1 -4 kg/cm2 for ft min at 4°C. This step resulted in much cleaner immunoprecipitates. All 
immunoprecipitates were resuspended in sample buffer (200 mM-Tris • HC1 (pH 8-8). 1 m- 
sucrose. 0-01% (w/v) bromophenol blue, 5 niM-EDTA. 3% (w/v) SDS. 8 mM-dithiothreitol). 
boiled for 3 min, alkylated at room temperature for 15 min in the presence of 70 mM- 
iodoacetamide and electrophoresed on 12-5% (w/v) polyacrylamide gels (Laemmli. 1970). 
Usually, each track contained the extract of 2-5 (M and C) or 5 (S) oocytes. Gels were fixed 
and then fluorographed (Bonner & Laskey, 1974).
(h) Partial peptide m apping
Selected bands were excised from the dried, fluorographed gels and subjected to partial 
cleavage with iV-chlorosuccinimide (Sigma) as described by Lischwe & Ochs (1982). Each 
slice was w ashed in 25 ml of distilled water for 20 min with 1 change and then in 10 ml of 
urea/water/glacial acetic acid (1 g/1 ml/1 ml) for 20 min (1 change). Slices were then soaked 
in 5 ml of 15 mM-iV-chlorosuccinimide dissolved in the urea solution described above, for 
30 min. followed by two 10 min washes with 25 ml of water. After equilibration for 1-5 h in 
3x10 ml of 10% (v/v) glycerol. 15% (v/v) mercaptoethanol. 3% (w/v) SDS. 62-5 mM- 
Tris-H(’l (pH 6-8). slices were inserted into slots of an 18% (w/v) polyacrylamide gel. 
Electrophoresis proceeded at 12 mA overnight.
(i) Enucleation o f oocytes
Injected oocytes cultured in non-ratiinactive media for 48 h were enucleated under 
culture medium by a shallow tangential incision with a 2ft-G needle at the animal 
(pigmented) |>ole. followed by gentle squeezing of the oocyte around the equatorial region 
(see (’olman. 1984). The extruded nucleus was immediately homogenized in RNA 
extraction media (see below). The whole procedure took less than .30 s.
(j) Extraction o f R E A  from  whole or enucleated oocytes
Oocytes or isolated nuclei and enucleated cytoplasms were homogenized in a 
proteinase K (Boehringer)-containing buffer and RNA was extracted as described by 
Kressmann et al. (1978). Transfer RNA (E . coli. Sigma) was added as carrier (final concn 
100 pg/ml) before homogenization of the nuclei. Extracted RNA from oocytes or nuclei was 
re«us|>ended in S, hybridization buffer (see section (1). below) at an approximate 
concentration of 4 mg/ml.
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(k) T ransla tion in vitro
Wheat germ extracts were prepared and assayed in the presence of 50 pg added 
mRXA/ml by the procedure of Roberts & Paterson (1973).
(1) S ,  nuclease m app ing
In each hybridization assay. 4 to 8 /¿g of extracted RNA were mixed with approximately 
200 ng of double-stranded DNA probe, in a total volume of 7 pi of Sj hybridization buffer 
(80% (v/v) deionized formamide, 0-4 M-XaCl. 40 mM-PIPES, 1 m.M-EDTA, pH 6-4). Each 
mixture was sealed in a glass capillary tube and the contents denatured by 10 min 
incubation at 80°C, followed by immediate transfer to 52°C. After hybridization for 15 h at 
52°C. the contents of each capillary were diluted into 150 pi of Sj assay buffer (0-28 M - 
XaCl, 4-5 mM-zinc acetate, 20 pg sonicated, denatured salmon sperm DXA/ml (Sigma), 
0 05 m-sodium acetate. pH 4-6) containing 150 units of S, nuclease. The reactions were 
incubated at 37°C for 30 min before termination was effected by addition of 6 pi of 0-2 m - 
EI)TA. Samples were then extracted with 150 pi of phenol/chloroform (1:1. v/v) followed 
by precipitation with ethanol. Precipitates were dissolved in 80% (v/v) deionized 
formamide. 0-3% (w/v) xylene cyanol FF. 0-3% (w/v) bromophenol blue, 20mM-EDTA 
(pH 7-6) and electrophoresed on 6% or 8% (w/v) acrvlamide/urea sequencing gels as 
described by Sanger et al. (1977).
Preparation of labelled DXA probes. The two 5' termini of a H in dIII-restricted pTK2 
vector (Fig. 1) were “phosphatased” with calf intestinal phosphatase and then “kinased” 
using [y-32P]ATP and T4 polynucleotide kinase. Probes 1 and 2 (see Fig. 6) were prepared 
via a gel purification step after restriction of the kinased fragment with B a m H l or P vu J l, 
respectively.
A labelled 3' terminus at the Acc I site at position 341 bp into the H in d III ovalbumin 
insert was prepared by restricting pTK2OV + with A cc l and isolating the 4000 base 
fragment. One end of this fragment was then end filled using Klenow polymerase and 
[a- PJdOTP alone. Under these conditions, the other end is not labelled. This probe 
(probe 3) is shown schematically in Fig. 8.
(m) M icro in jection  and  sta in ing  o f  cultured cells
Microinjection of DXAs or mRXA (both at 1 mg/ml in distilled water) into cultured 
baby hamster kidney (BHK-21) cells was performed as described by Kondor-Koch et al. 
(1982) or Graessmann et al. (1980). Injected cells were cultured at 37°C for 8 h before fixing 
in 3% (v/v) paraformaldehyde and stained for indirect immunofluorescence by the method 
of Ash et al. (1977), using FITC-conjugated goat antirabbit antisera as second antibody. All 
antibodies were used at a concentration of 10/ig/ml. Stained cells were examined with a 
Zeiss microscope using epifluorescence. Kodak Tri-X film was used for photography.
Several of the injections were performed by Beate Timm (EMBL, Heidelberg), whose 
assistance is gratefully acknowledged.
3. R esu lts
(a) Wild type ovalbumin expression from viral promoters in oocytes
Oocytes injected with cloned genom al ovalbum in DNA synthesize ovalbum in 
b u t the  synthesized ovalbum in  represented only 0 ’01%  o f the  to ta l newly 
synthesized oocyte p ro te in  (W ickens et a l 1980). No ovalbum in was detected 
a fte r  injection of p()Vr230. a recom binant plasm id containing a full-length 
ovalbum in cDNA (W ickens et al., 1980), a lthough  the reasons for this lack of 
protein production were no t clear. In  Figure 2, we describe the  excision of the*
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pM89 (position of Taql 8  Xbal
Taql 8 Xba l cut 
Isolate 1-3 kb fragment
1----  ZZ_____
Taql Xbal
End fill 
Hmàïï. Imker 
Hm<m cut
ATG TAA..... .;...... -I
Hm<m Hm<m
I3l8bp Ovalbumin insert
(a)
Fio. 2. Construction of ovalbumin cDNA fragment and insertion into the expression vectors pSYr, 
and pSV2. (a) A 1300 base Taq\-Xba\ fragment encompassing the coding region of the chick ovalbumin cDNA was excised from pOv230. After the overhanging ends were filled in. //indlll linkers 
were added to this fragment, which then enabled H in d lW  ends to be generated for the insertion of the 
ovalbumin cDNA into the //indlll site of the expression vectors described in Fig. I. (b) The constructs obtained when this //tndlll ovalbumin fragment was ligated into the //indlll-cut 
expression vectors p8V, and pSY’2. The vector components are as described in Fig. 1.
ovalbum in cDXA from pOV230 and its m anipulation for insertion into the pSVt , 
pSV2 and p T K 2 vectors (see Fig. I). The insertion o f the  ovalbum in cI)NA into 
both vectors occurred in each of two orientations, generating six constructs, 
pKV,()V +  , pNVjOV —, p8V 2O V +  and pSV2O V — (Fig. 2(b)), and p T K 2OV +  
and pT K 2OV — (not shown), the  plus and m inus signs denoting the orientation  of 
th e  insert relative to  th e  viral prom oter (see Fig. 2(b)). All these constructs were 
injected in to  Xenopus oocyte nuclei, and the oocytes were cultured in the presence 
o f (35S]m ethionine as described in M aterials and Methods. After collection o f the 
incubation media, oocytes were homogenized and fractionated  into a m em brane
i
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fraction contain ing  microsomes and o th er vesicles, and  a soluble, cytosolic 
fraction. Sam ples were then  im m unoprecip itated  and su b m itted  to  electrophoresis 
(Fig. 3). I t  is clear th a t injection of both pSV jO V  +  and pSV 2OV +  resu lts  in the  
appearance of tw o immunospecific po lypeptides in th e  m em brane fraction . 
Polypeptides o f sim ilar m obility are also found  in th e  m edia. These p ro te in s are 
sim ilar to  those found afte r m RNA injection (Fig. 3(b); an d  Colman et al., 1981). 
Previous work has shown the  two bands to  be g lycosylated d e riva tives o f 
ovalbum in (Colman et al., 1981). These tw o bands are  also present in th e  cytosol 
a t a low level and  represent leakage from  th e  m em braneous vesicles during  
fractionation  (Colman et al., 1981). A fa in t band o f g rea ter m obility th an  the  
glycosylated pro teins is also present in th e  cytosol track . The band is 
unglycosylated ovalbum in (Colman et al., 1981), and its  presence in th e  cytosol is 
p resum ably  caused by a failure in translocation  o f som e newly synthesized  
ovalbum in in to  th e  endoplasm ic reticulum .
The results in F igure 3(a) also show th a t pSV 2O V +  elicits the  p roduction  of 
more protein th an  pSV |O V  +  . This result has been ob tained  in fo u r sim ilar 
experim ents. Since the  only difference betw een th e  tw o constructs is in the  
provision of an in tro n  and its flanking sequences in th e  3' un tran sla ted  region of 
any tran scrip ts  in itia ting  a t the  SV40 early  p rom oter (see Figs 1 and  2(b)), we 
conclude th a t  th e  presence of th is in tron  an d /o r flanking regions is dele terious to  
expression of ovalbum in in oocytes.
The highest level o f ovalbum in expression ob tained  w ith pSV2O V +  over four 
experim ents was 0-07% , m easured as th e  incorporation  o f [35S]m ethionine in to  
ovalbum in relative to  its  incorporation in to  to ta l pro tein . W hen ovalbum in 
expression from p T K 2O V +  DNA was d irec tly  com pared with th a t  from 
pSV 2OV +  DNA, over sevenfold more pro tein  was reproduciblv found  using 
p T K 2O V +  DNA (Fig. 3(b)). In recent experim ents, as m uch as 0-42%  of the  
[35S]m ethionine incorporation in to  p rotein  was found in ovalbum in a fte r 
p T K 2O V +  injection. This represents a 42-fold increase in the  syn thesis o f 
ovalbum in as com pared to  th a t found a fte r injection o f ovalbum in genom al DNA 
(W ickens et al., 1980).
(b) Variant ovalbumin expression in oocytes
On analysis o f the  oocytes injected w ith pSV2OV — (Figs 3(a) and  4(a)), we 
were surprised to  note both the  appearance of imm unospecific bands and  th e ir 
abundance in com parison to  products from  pSV2OV +  injected oocytes. No such 
bands were found afte r p 8 V ,O V -  injection (Fig. 3(a)). Several bands a re  evident 
in both cytosol and  m em brane fractions o f  pSV2OVr — injected oocytes. For the  
c larity  o f  the following discussion, we have labelled some o f these ban d s a to  f 
(Fig. 4(a)). The m em brane-associated bands (Fig. 4(a), bands a an d  b) have 
different m obilities from the  cytosol form s (Fig. 4(a). bands c and d), and only 
those bands w ith sim ilar m obility to  bands a and b ap p ear in the  m edium . The 
apparen t m olecular weight of the  most a b u n d an t m em brane form synthesized  
a fte r pSV2O V — DNA injection (band a) is abou t 3000 g reater th an  the  
glycosylated, wild type form found in m R N A  (band f) o r p»SV2OV +  (band e)
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(b)
Fio. 3. Synthesis of wild type ovalbumin after DNA injections. Oocytes were injected with the indicated DNAs and incubated in |35S)methionine as indicated in Materials and Methods. Oocytes 
were then fractionated into membrane (M) and cytosol ((') components. Incubation media (S) and fractions M and C were then immunoprecipitated with anti-ovalbumin antibody and electrophoresed 
as described in Materials and Methods. Oviduct mKNA was also translated by either injection into oocytes or in a wheat germ cell free system. mRNA-injected oocytes wen* homogenized directly in »•suspension buffer (see Materials and Methods) before immunoprécipitation, whereas samples from 
the wheat germ assay were diluted 10-fold into resuspension buffer before immunoprécipitation. The arrows point to the "miscompartmented" normal length ovalbumin (see the text and Fig. 4(b)). whereas the asterisk indicates a novel extended ovalbumin, (a) and (b) are separate ex|ieriments with 
different batches of oocytes.
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fraction containing microsomes and o th er vesicles, and a soluble, cytosolic 
fraction. Sam ples were then  im m unoprecip itated  and subm itted  to  e lectrophoresis 
(Fig. 3). I t  is clear th a t injection of both p S Y ^ V i  and pSV2OV +  resu lts in the  
appearance of two immunospecifie polypeptides in the m em brane fraction. 
Polypeptides of sim ilar m obility are also found in the  media. T hese proteins are 
sim ilar to  those found afte r m RNA injection (Fig. 3(b); and Colman et al.. 1981). 
Previous work has shown the  tw o bands to  be glycosylated de riv a tiv es o f 
ovalbum in (Colman et al.. 1981). These two bands are also present in the  cytosol 
at a low level and represent leakage from the  m em braneous vesicles during  
fractionation  (Colman et al.. 1981). A faint band o f greater m ob ility  th an  the  
glycosylated proteins is also present in th e  cytosol track . T h e  hand is 
unglycosylated ovalbum in (Colman et al.. 1981). and its presence in th e  cytosol is 
presum ably caused by a failure in translocation  of some newly synthesized 
ovalbum in into the endoplasm ic reticulum .
The results in Figure 3(a) also show th a t pSV2OV +  elicits th e  production  of 
more protein th an  pSX^OV-»-. This result has been obtained in four sim ilar 
experim ents. Since th e  only difference between th e  two co n stru c ts  is in the  
provision of an in tron  and its flanking sequences in th e  3' u n tran s la ted  region of 
any transcrip ts in itiating  at the  SV40 early  prom oter (see Figs 1 an d  2(b)), we 
conclude th a t the  presence of th is in tron  an d /o r flanking regions is deleterious to 
expression of ovalbum in in oocytes.
The highest level o f ovalbum in expression obtained with pSV2( )V +  over four 
experim ents was 0 0 7 % , m easured as the  incorporation of 135S]m ethionine in to  
ovalbum in relative to  its incorporation in to  to ta l protein. W hen  ovalbum in 
expression from p T K 2O Y +  DNA was directly  com pared w ith  th a t from 
pSV2O V +  DNA, over sevenfold more protein was reproducibly found using 
pT K 2O V +  DNA (Fig. 3(b)). In recent experim ents, as much as 0-42%  o f the  
| 358]m ethionine incorporation in to  protein was found in ovalbum in  a fte r 
pT K 2O V +  injection. This represents a 42-fold increase in th e  synthesis of 
ovalbum in as com pared to  th a t found afte r injection of ovalbum in genom al DNA 
(W ickens et al., 1980).
(b) Variant ovalbumin exprension in oocyteh
On analysis of the  oocytes injected with pSV2O V — (Figs 3(a) and 4(a)), we 
were surprised to  note both the  ap|>earance of immunospecific b an d s and their 
abundance in comparison to  p roducts from pSV2O V +  injected oocytes. No such 
bands were found a fte r pKV ,OV— injection (Fig. 3(a)). Several b a n d s  are evident 
in both cytosol and m em brane fractions o f pSV2O V — injected oocytes. For the  
clarity  o f the  following discussion, we have labelled some of these  bands a to  f 
(Fig. 4(a)). The m em brane-associated bands (Fig. 4(a), bands a  and b) have 
different m obilities from the cytosol forms (Fig. 4(a). bands c a n d  d). and only 
those bands with sim ilar m obility to  bands a and b ap|>ear in th e  medium . The 
apparent m olecular weight of the  most abundant m em brane form  synthesized 
afte r pSV2O V — DNA injection (band a) is about 3000 g re a te r  th an  the  
glycosylated, wild type  form found in m RNA (band f) or pSV 2O V +  (band e)
i
EXPRESSION OF CLONED cDNAa IN XenopuM OOCYTES 623
S V , 0 V -  S V |0 V +  S V 20 V -  S V 20 V +
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0 V  m RNA
« c*
S V 20 V +  >• Ô T K 20 V  +  NO  DNA
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(b)
Flo. 3. Synthesis of wild type ovalbumin after DNA injection«. Oocyte« were injected with the 
indicated DNA« ami incubated in (358|methionine a« indicated in Material« ami Method«. Oocyte« were then fractionated into membrane (M) and cytosol ((’) component«. Incubation media (S) and 
fraction« M and O were then immunoprecipitated with anti-ovalbumin antibody ami electrophoresed a« described in Material« and Method«. Oviduct mRNA was also translated by either injection into oocyte« or in a wheat germ cell free system. mRNA injected oocytea were homogenized directly in resuapen«ion buffer (see Material« and Method«) liefore immunoprécipitation, whereas «ample« from 
the wheat germ a««ay were diluted 10-fold into re«uspen«ion buffer before immunoprécipitation. The arrow« |>oint to the "miacompartmented" normal length ovalbumin (see the text ami Fig 4(b)). whereas the asterisk indicate« a novel extended ovalbumin, (a) and (b) are separate experiments with 
different batche« of oocytes.
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injected oocyte m em branes. However, it is notable th a t  this la tte r  "wild ty p e"  
ovalbum in band  (Fig. 4(a). band e) is also present in the pSV2O V — oocytes 
(Fig. 4(a). band b). A sim ilar m olecular weight difference of about 3000 is also 
seen betw een the  two m ost ab u n d an t bands :n th e  cytosol of pSVjOV — injected 
oocytes (Fig. 4(a), cf. bands c and d). Incubation  of pSVr2O V — injected oocytes 
with tunieam ycin  (an inhib itor o f A’-glvcosylation; Tkac/. & Lam pen. 1975) results 
in th e  m ajo r m em brane form s (bands a  and b) com igrating w ith th e  cytosolic 
form s (bands c and d, respectively; results not shown). This indicates th a t bands a 
and b a re  glycosylated derivatives o f bands c and d, respectively, but th a t the 
m olecular weight difference of 3000 betw een bands a and b cannot be ascribed to 
differences in the  ex ten t o f glycosylation. As we discuss below, a more likely 
exp lanation  for the  size difference betw een bands a and b or between bands <• and 
d is the  presence of an approxim ately  20 am ino acid extension on the  higher 
m olecular weight proteins.
The only difference in the  vectors pNVj and pSV2 is in the region of NV40  DNA 
between th e  £coR I site and th e  / /¿ » d i l l  site (see Fig. I). The vector pSV, 
contains, betw een the  transla tion  stop  oligonucleotide adjacent to  the  / /¿ » d i l l  
site  and th e  transcrip tion  te rm in ato r region, an  additional piece o f th e  SY'40 
genome encoding the  sm all t  in tron. T hus in the  constructs pSV ,O V — and 
pSV2OVr — (Fig. 2(b)), the  SV40 sequences im m ediately upstream  from the 
in itiation  ATG of the inserted ovalbum in gene are different. YVe therefore 
hypothesize th a t  the  large ovalbum in species, seen in p S \’2O V — injected oocytes, 
results from  in itiation  o f tran s la tio n  a t an  AUG (encoded by vector sequence) th a t 
is upstream  from, and in phase with, th e  ovalbum in coding sequence, and is 
present only in transcrip ts o f th e  pSV2 DNA. The small am ount of wild type 
ovalbum in (Fig. 4(a), band b) seen in pSV2O V — injected oocytes would 
presum ably arise from in itiation  of tran s la tio n  of th e  normal in itiato r AUG 
encoded in th e  cDNA insert. M axam & G ilbert sequencing (results not shown) of 
the  re levan t region of pSV2OV’ — DNA confirmed the  presence of an in phase 
ATG, fi3 bases upstream  from th e  wild ty p e  ovalbum in in itiation  ATG. No such 
ATG is present in the  relevant region o f pSY^ DNA. T he 03 nucleotide sequence 
and the  21 am ino acid N -term inal extension th a t  it would encode are shown 
below'.
-21
ATG GUT GAT TAT GAT CCG GTC AAT CAA TCA GCA
Met Ala Asp T yr Asp Pro Val Asn Gin Ser Ala
AGC TTG COG AAA GAG AAC TUA GAG TTC ACC
+  1
ATG
Ser U u Pro leys Asp Ann Ser Glu Phe T h r Met
The p a tte rn  o f ovalbum in bands seen a fte r  pT K 2O V — injection into oocytes is 
identical to  th a t  produced by pNY'jOV — injection (Fig. 4(a)). Since the sequences 
upstream  from th e  wild type  ovalbum in in itia to r ATG are the same in these two 
vectors, a sim ilar a rgum ent to  th a t above could account for the  ap|>earance of
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Flo. 4. Synthesis of variant ovalbumins after DNA injection. Oocytes were injected with the 
indicated DNAs and incubated in [S58|methionine as indicated in Materials and Methods. Oocytes were then processed as described in Fi# 3. Oviduct mHNA injected oocytes were also prm-essed as <WorilM«l in Fio. 3 The exneriinents shown in (a) and (h) were conducted with different batches ofdeaeri bed g p m
oocytes.
I'
I
626 P. KRIEG E T  A L .
ex tended ovalbum ins a fte r p T K 2O V — injection. C orroborative evidence for the  
n a tu re  of th is  extension is provided in section (c), below.
One unexpected result o f injection o f the  p T K 2O V +  vector was th e  appearance 
of a  new, higher m olecular w eight band in th e  cytosol. T his is fa in tly  visible in 
Figure 3(b) (*) bu t is more ev iden t in F igure 4(b) (*). T his b and  was never 
observed a fte r pSV2OV +  injection. The location o f th is large (approx. 51,000 M r) 
ovalbum in species in th e  cytoplasm  argued against its size being due to  over- 
giy cosvlation. W e therefore suggest th a t  th is band is an ovalbum in polypeptide 
ex tended by approxim ately  50 am ino acids a t  the N term inus, due to 
transla tional in itiation  a t an upstream , in phase AUG present in tran scrip ts  from 
the  p T K 2 vector, hu t no t in those  from  th e  pSV2 vector. The tran sc rip ts  giving 
rise to  th is ex tended  ovalbum in presum ably  arise from prom oter(s) upstream  from 
th e  thym idine kinase (TK) prom oter sequence, and th is la tte r  sequence m ust 
encode part o f th e  protein itself. M axam  & G ilbert sequencing (results not shown) 
confirmed th e  presence o f an ATG in th e  T K  region of the  vector, 153 bases 
upstream  from the  norm al ovalbum in in itiation  ATG, and th e  absence of any 
term ination  codons in the  in terven ing  region. No such upstream  ATG was found 
in the  pSYT2 vector. The nucleotide sequence of th is pa rt o f the  T K 2OV +  DNA 
and the  predicted 51 am ino acid extension it would encode are show n below.
- 5 1
ATG CAG TCG GGG CGG CGC GGT CCG AGG TCC ACT TCG CAT
Met Gin Ser Gly Arg Arg Gly Pro Arg Ser T hr Ser His
ATT AAG GTG ACG CGT GTG GCC TCG AAC ACC GAG CGA CCC
lie Lys Val T hr Arg Val Ala Ser Asn T hr Glu Arg Pro
TGC AGC GAC CCG CTT AAC AGC GTC AAC AGC GTG CCG CAG
Cys Ser Asp Pro Leu Asn Ser Val Asn Ser Val Pro Gin
ATC OCA AGC TTG CCG AAA GAC AAC TCA GAG TTC ACC
+  1
ATG
lie Ala Ser I>-u Pro Lys Asp Asn Ser Glu Phe T hr Met
F u rth e r evidence corroborating  th e  n a tu re  o f  th is and the  previously discussed 
21 am ino acid extension is now discussed.
(c) Partial peptide analysis of ovalbumin polypeptides
In the  above sections we provide evidence for the syn thesis o f extended 
ovalhuum in: however, th e  evidence for the  N -term inal location of these extensions 
is indirect. More direct evidence is provided by partial peptide  m apping of the 
various electrophoresed gel bands using A’-chlorosuccinimide. This reagent 
specifically cleaves polypeptide chains a t try p to p h an  residues (Lischwe & Ochs, 
1982), and the  predicted extension  sequence contains no try p to p h a n  residues. 
Since ovalbum in contains th ree  try p to p h an  residues, partia l cleavage should 
generate nine fragm ents (see Fig. 5(a)); however, some would be too small to
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Flo. 5. Partial peptide mapping of immunopreeipitated ovalbumin» (a) Oviduct mRNA wan 
translated in the wheat germ cell free system and the »ample immunoprecipitated with anti-ovalbumin antibody before electrophoresis on a 12*5% polyacrylamide gel The major product corresfionding to full-length ovalbumin was excised from the dried Huorogram and processed with .V-chlorosuccinimide 
a» described in Materials and Meth<»ds. Pnwessed »ample» were then elect rophoresed on an 18% poly acrylamide gel. The cleavage positions (i.e. locations of tryptophan residues) in full-length ovalbumin are indicated by arrows and the |M»ssihle complete and partial digestion product» are 
shown. The symbol (¿) indicates the position (Asn293) of the oligosaccharide »ide-chain in glycosylated ovalbumin. The wheat germ product will not have this side-chain. This Huorograph was excised for 
3 days, (b) Tracks 1 to A display the results of partial digestion of various electrophoreaed ovalbumins Track I. Fig 4(a). band f; track 2. Fig 4(a). band a trac k 3. Fig. 4(a). band e; track 4. unglycosylated ovalbumin synthesized in wheat germ assay as in (a): track A. Fig. 4(a). band b This Huorograph was 
exposed for 6 weeks, (c) Tracks I to 8 display the results of partial digestion of various elect rophoreaed 
ovalbumin». Track I. Fig. 4(a). duplicate of band f; track 2. Fig 4(a). duplicate of band b. track 3. Fig 4(b). asterisked band; trac k 4. Fig 4(a). duplicate of band a. track A. Fig 4(a). duplicate of band e. 
track 6. Fig 4(a). band c. track 7. Fig 4(a). band d: trac k K. unglycosvlated ovalbumin synthesized in 
wheat germ, as in (a). In track 3 the extended digestion product 1» indicated by the arrowhead 'Phis 
Huorograph was ex|M»sed for M week»
Iresolve on th e  polyacrylam ide gels used. Figure 5(a) shows a typical digestion 
p a tte rn  resulting  from the  partial cleavage of the unm odified ovalbum in produced 
afte r m R N A  transla tion  in th e  w heat germ transla tion  system . The two bands 
labelled 1 and  2 correspond to  the  tw o largest partial fragm ents and, on the basis 
of try p to p h a n  d istribu tion  in ovalbum in, th e  larger fragm ent (fragm ent 1) is an 
N -term inal fragm ent, whilst fragm ent 2 derives from th e  C term inus. W hen the 
m ajor glycosylated proteins produced in oocytes a fte r  m R N A  (Fig. 4(a). band f) 
or pSV2OV +  (Fig. 4(a), band e) injection are  digested, th e  digestion p a tte rn s are 
sim ilar (Fig. 5(b), cf. tracks 1 and 3), though as expected , different from the 
p a tte rn  from  the  unglycosylated polypeptide (Fig. 5(b), track  4). U nfortunately , 
as a consequence of th e  oligosaccharide side-chain a t  asparagine 293 in 
ovalbum in, the  m obility o f fragm ent 2 (and o th er C-term inal fragm ents) is 
reduced and th is fragm ent co-m igrates with fragm ent 1. This glycosylation 
com plicates analysis of th e  extended ovalbum in which, on digestion, should 
produce a new, higher m olecular weight fragm ent a t  th e  expense of either 
fragm ent 1 (for an N -term inal extension) or fragm en t 2 (for a C-terminal 
extension). A larger band (Fig. 5(b), track  2) is indeed found when the 
g lycosylated, extended ovalbum in from pSV2O V — or pT K 2O V — injected 
oocytes (Fig. 4(a), band a) is digested bu t, for th e  reasons given above, it is 
impossible to  assess which of the  tw o largest pa rtia l fragm ents o f wild type 
ovalbum in is now absent. However, when th e  unglycosylated, extended 
ovalbum in (Fig. 4(a), band c) is digested, the  same larger band is seen and it is the 
N -term inal fragm ent (fragm ent 1) o f  wild type ovalbum in th a t is now absent 
(Fig. 5(c), cf. tracks 4 and 6). We therefore conclude th a t  th is protein is extended 
a t th e  N term inus. This m iscom partm entalized cytosolic protein differs from the 
m em brane-associated protein only in its lack of glycosylation. T hus we believe 
th a t  th e  large m em brane-associated band (Fig. 4(a), band a) represents the  same, 
N -term inally  extended polypeptide, to  which oligosaccharide side-chains have 
been added. The sm aller m em brane-associated band (Fig. 4(a), band b) has, as 
predicted (see section (a), above), a digestion pa tte rn  indistinguishable from that 
o f full-length, glycosylated ovalbum in (Fig. 5(b), cf. track s 1, 3 and 5).
T his logic also applies to  th e  digestion analysis o f th e  large cytosolic band found 
afte r p T K 2O V +  injection (discussed above). The predicted 51 am ino acid 
extension lacks any try p to p h an  residues so, on digestion, fragm ent 1 should be 
replaced by a much larger band if the  extension is N -term inal. This larger band 
can be seen in Figure 5(c), track  3.
(d) Analysis of transcripts from injected pTK.fOV  +  and 
pT K jO V — DNAs in oocytes
(i) Initiation at the T K  promoter
M cK night & Kingsbury (1982) have dem onstrated , using both Sj m apping and 
prim er extension  m ethods, th a t  the  thym idine kinase prom oter is efficiently and 
accurate ly  transcribed in Xenopus oocytes. Figure tt confirms th a t  the TK 
prom oter in our expression vectors is accurately transcribed , although we have 
not m easured the efficiency. Using probe I , described in th e  legend to  Figure fi, we
«28 p  K R I E G  E T  A L E X P R E S S I O N  O F  C L O N E D  c D N A s  I N  X e n o p u s  O O C Y T E S ♦>2!)
1 2  3 4 5
Probe I
F ig . 0. Predominant transcripts from the TK and cryptic SV40 promoters. Oocytes were injected 
with either pTK2OV+ or pTKjOV- DNA and cultured for 48 h before RNA extraction and S, analysis. The labelled DNA probes used for the analysis arc described in Material» and Method» and 
shown above Track 1. unhybridiwd probe; track 2. probe 1 x pTKaOV4- RNA; track 3. probe 2 x pTKjOV — RNA: track 4. probe I x uninjected oocyte RNA: track ft, marker», end-labelled 
/ / in fI digest of pAT153.
would an tic ipate  protection of a  63 base fragm ent if in itiation  in occurring a t the 
correct position. In fact, the m ajo r protected  s(>ecies wax 61 bases long (see also 
Kig. 7); however, th is reduction in site could lie due to  "n ibbling" by th e  8 , 
nuclease. As can be seen in F igure 7. most o f these tran sc rip ts  are present in the 
oocyte cytoplasm  under the s tead y  sta te  conditions used in this study.
Several higher molecular w eight. 8 ,-p ro tected  bands a re  also visible in F igure 6. 
Presum ably, the transcrip t th a t  gives rise to  the  «1 amino acid-extended
«ao P .  K R I  K<; E T  A L .
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Fig. 7. Distribution between the oocyte nucleus and cytoplasm of transcripts initiating at the TK promoter. Several oocytes received nuclear injections of approximately 10 ng of either pTKjOV + or 
pTKj82+ which contains an insert encoding for preprochymosin (see the text). 48 h later the oocytes 
were enucleated and RXA was extracted from the separate, pooled, nuclear (N) and cytoplasmic (( ) 
fractions. The RNAs were subjected to S, analysis using probe I (see diagram «) as described Each 
track contains the products of S, analysis of RNA from the N or (’ fraction of 1 oocyte. The marker track contains a dideoxv A-sequencing track of histone DXA calibrated and provided by P. Turner 
(University of Warwick) A thin! DXA shown above. pTK,('6L+. contains the X terminal 24 amino acid* of preprochyrmmin and the (’ terminal 122 amino acids of lysozyme. Expression from this is 
included only to preserve gel clarity.
ovalbum in on injection o f p T K aOV +  (section (c). above) is responsible for one o f 
these bands since, in th is case, the  T K  p rom oter region of th e  DNA encode« pa rt 
of th e  am ino acid sequence of th e  ex tended  peptide. Therefore, the  tran sc rip t 
m ust orig inate from an o th er prom oter upstream  from the  TK  prom oter.
(ii) Relative translational efficiencies of p T K f iV  +  transcripts and ovalbumin
mRNA
O valbum in transcrip t«  from th e  injected DNAs will differ from ovalbum in 
m RNA m olecules in tw o ways; firstly , tran scrip ts  from DNA will have a 5 viral
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leader sequence and secondly, some 5' ovalbum in m R N A  leader sequence has been 
excised during  the cloning. In the experim ent illu stra ted  by Figure 8 we have 
a ttem p ted  to  q u a n tita te  steady-sta te  levels o f full-length tran scrip ts a fte r DNA 
injection and  to com pare the am ount o f ovalbum in produced from such 
tran scrip ts with th a t formed after injection o f equ ivalen t num bers of m R N A  
molecules. O ur quan tita tion  is based on the  am o u n t o f a 1150 base p ro tected  
species seen only in an exclusively cytoplasm ic region (vegetal half) o f the oocyte; 
the  3' end o f this transcrip t maps to  position 2540 +  20 o f the  SV40 genom e 
(Reddy et a/.. 1978); th e  natural 3' end of m ature  SY40 early  transcrip ts occurs a t 
position 2536 (Reddy et al., 1978). Our results ind icate  th a t 48 hours afte r DNA
m RNA 0 v +r---------- ii------ 1
100 40 20 A V
317 —
39 6  -
P ro b f 3
Km N Quantitation of 3' and. of ovaihumin-rodin* tranacripta Savaral oorytaa aarh tafaiv.il a 
»Uflaar injaftion of III 1 1« of pTK,OV + DNA 4H li lutar tha oocyte. wara rapidly frozen at -70 C and Inaactad along thr animal vagolai boundary with a razor biada UNA waa extracted from Ilia |aa>lrd 
animal |>.la (A) and vagatal |«.la (V) fraationa. and aubjeated to S, analyaia uaing proba 3 Each tra. k .untaina tha produrla of analyaia of 2 half oorytaa-worth of KNA Tha proba waa alao hvbndi/ad to 
Ititi ng. 4(1 ng and 2ti ng aampiaa of han oviduct poly(A) RNA.
/injection, th e  num ber o f ovalbum in tran scrip ts  per oocyte was equ ivalen t to  the 
ovalbum in m RNA conten t from approx im ate ly  5 ng of po lyadenylated  oviduct 
mRNA. H ow ever, when com parisons were m ade of th e  am ount o f  ovalbum in 
produced a f te r  injection of DNA or 5 ng of m RNA, it was found th a t over 25-fold 
more p ro te in  was present a fte r m R N A  injection. W e conclude th a t th e  injected 
m RNA is tran s la ted  more efficiently th an  the  tran scrip ts  produced in th e  oocyte.
(iii) Mapping of a new SV40 “promoter ”
In sections (a), (b) and (c), above, we described the  synthesis o f p ro tein  after 
injection o f  constructs where th e  T K  prom oter and protein  coding sequences are 
o f opposing polarities. To account for these proteins, tran sc rip ts  o f  opposite 
polarity  to  TK  tran scrip ts  m ust be synthesized. F igure 6 (track 3) shows the 
results o f  an  Si m apping procedure designed to  m ap th e  5' ends o f such 
tran scrip ts . Only one m ajor site o f in itiation  of transcrip tion  in th e  opposite 
o rien tation  to  th a t o f transcrip tion  from  the  TK  prom oter was identified a t a 
position approx im ate ly  92 bases 5' to  th e  HindlW  site. T he sequence of th is 
region is know n (R eddy et al., 1978), and the  m apped in itia tio n  site corresponds to 
position 2620 of the  SV40 genome. As shown below (w ith sequence hyphens 
om itted fo r clarity), various prom oter-like sequences (underlined) are present 5' to 
the in itia tio n  site:
5' CC ATT AT A AO (TGGAATAAA CAAOTTAACA ACAACAATTO
Approximate transcription start
i(’ATTOATTTT ATGTTTC AGO TTCAGGGGGA GGTGTGGGAG
GTTTTTTAAA GCAAGTAAAA CCTCTACAAA TGTGGTATGG CTGATTATGA
TGGGGTCAAT CAATCAGCAA GCTTGCCG. . 3'
HindlU
Figure 6  also indicates th a t a t s tead y -s ta te , tran scrip ts  beginning a t the  TK 
prom oter a re  in great excess over tran sc rip ts  o f opposite po larity .
(e) Expression of chick lysozyme in oocyteh
The construction  of p T K 2Lys +  is shown in Figure 9 and  expression from this 
construct is shown in Figure 10(a). Most o f the  lysozym e is secreted into the 
medium, a  result consistent with previous d a ta  from m RNA injection ex|>eriments 
(Colman et a l 1981; C utler et al., 1981). In Figure 10(b) we have also assayed 
levels o f lysozyme produced under th e  control o f th e  SYr40 early  prom oter 
(pNYr2LvH + ) or a retroviral p rom oter derived from the  long term inal repeat 
(LTR) region of a m urine sarcom a virus (pL T R 2Lys +  , see Fig. 1). The LTR 
prom oter is known to  be highly active  in m am m alian tells (reviewed by W eiss et 
al.. 1984). However, in oocytes it is ev ident th a t, whilst use of the  TK  prom oter 
leads to  b e tte r  expression of lysozym e th an  with the  NYT40 prom oter, no fu rther 
boost to  expression is achieved with th e  LTR prom oter.
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pBR 322
Pst l  cut
Isolate 650 bp lysozyme 
cDNA insert 
Hae III cut
Isolate large fragment
F=, , ' ' . I
Pstl Psa l Rsol Psol HoeUl
Psal partial digest 
Isolate 475 bp fragment 
Hm<m linker 
H/nd]R cut
ATG TGA
U- , . ' i
H/ndtil Pso l Psol H/ndflL
485bp Lysozyme insert
Flu. 9. Manipulation of lysozyme cDNA for insertion into expression vectors, (’hick lysozyme cDNA was obtained from the pHR322 clone pls!84. by excision of the Pat I insert carrying the lysozyme 
sequence. To remove the ends of the insert bearing G-C tails, a 475 base-pair Raa\-H ae\\\ fragment was isolated as shown using a partial /foal digest. This fragment, which contained the entire coding 
region, was //t/tdlll tinkered and then cut with //t/tdlll for insertion into the expression vectors 
described in Fig. 1.
(f) Exprennion of calf prochymosin
Injection o f  calf preprochym osin m RNA into  oocytes elicits the  p roduction  o f 
calf prochym osin, which is secreted (Fig. 11(a)). The prochymosin can be partially  
cleaved into chym osin (an asparty l proteinase) by acidification of oocy te  o r media 
ex tracts. N orm ally, prochym osin is secreted in to  the fourth stom ach  of the 
unweaned calf, where the  acid environm ent induces cleavage. We have 
constructed  various recom binants containing cloned chymosin DNA (Fig. II). 
p T K j8 2 +  contains the com plete preprochym osin sequence. p T K 27 0 +  contains 
the  prochym osin sequence w ith an added in itia to r methionine residue, whilst 
pT K 28H +  contains the  chym osin sequence, with an added in itia to r m ethionine 
residue.
We would expect expression of pT K 282 +  to  lead to  a m em brane-associated 
prochymoain th a t  is secreted, whereas expression o f p T K j7 0 +  should  lead to  a 
cytosol-located prochym osin, since the N -term inal signal sequence present in the 
preprochym osin DNA of p T K 282 +  is absent from pT K 27 0 + . The resu lts  o f such 
experim ents, shown in Figure I I .  confirm these predictions; however, only in the 
experim ents where expression from pT K 282 +  was very high was expression from
Il'
(b)
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pT K 270 +  detected. Since the low expression of p T K 27 0 +  might be a ttrib u tab le  
to  a poor stab ility  o f prochymosin in th e  cytosolic com partm ent, we a ttem pted  to 
“ rescue” th is m iscom partm entalized protein by injection of rabbit anti- 
prochymosin in to  the oocytes. However, th is procedure resulted in no 
prochymosin being detected (Fig. 11(c)). No expression from pT K 286 +  was ever 
detected. In  the  best experim ents, expression from p T K 282 +  represented 0*57% 
of the  m ethionine incorporation in to  to ta l oocyte protein. A t the  level of 
transcrip tion , reproducibly g reater am ounts o f transcrip t were found after 
pT K 28 2 +  injection than  afte r p T K 2O V +  injection (Fig. 7).
(g) Expression of ovalbumin, lysozyme and prochymosin in cultured cells
C ultured baby ham ster kidney (BH K ) cells have been used to  express 
recom binant DNAs after their introduction  by microinjection (Garoff et al.. 1983) 
or transfection (Rose & Bergman, 1982). The flattened appearance of these cells 
facilitates immunofluorescent analysis o f protein location. The various DNA 
constructs as well as the appropria te  m RNA preparations were m icroinjected into 
BHK cells, and the  cells cultured for eight hours before fixing and study by 
immunofluorescence. The results are shown in Figure 12, and allow several 
conclusions: first, expression of all th e  inserted DNAs was observed when the 
inserted DNA was in the +  orientation . However, expression from the  ovalbum in 
constructs was very poor as judged by the immunofluorescence comparison 
between m RNA-injected and DNA-injected cells. The com bination of poor 
expression and high background probably obscures th e  reticular fluorescence that 
is so characteristic  of stained secretory networks (Garoff et al., 1983), and which is 
seen in the  case of m RNA and prochymosin and lysozyme DNA injections. 
Second, sim ilar levels o f fluorescence were observed between pSVjOV-f- (i.e. plus 
intron)-injected and pSV2O V +  (no intron)-injected cells. Finally, no difference 
has been observed in levels of protein expression between constructs containing 
SV40, TK  or LTR  prom oters, although immunofluorescence comparisons are 
highly inaccurate.
4. D iscussion
(a) Choice of vector and promoter
W hen cloned rabbit globin genes were first expressed in cultured mamm alian 
cells, it was reported that the presence o f an intron in the  transcribed region of the 
gene was essential to  the stab ility  o f th e  transcrip t, although the exact position of 
th is intron is unim portant (H am er & I^eder. 1979). The generality o f this finding 
has been challenged, as fu rther genes have been expressed in cultured cells. For
Fui. 10. Synthesis of lysozyme alter DNA injection. Oocytes were injected with (a) pTK2Lys + or (b) pTK2Lys+. pLTR2Lys+ and p8VaLys+ and cultured and processed as descril>ed in Fig. 3. Lys 
indicates the f ,4<’)lysozyme band present in the ,4<'-labelled marker proteins. The arrowhead marks a band of similar mobility present only in the DNA injected oocytes. The additional hands seen in the S 
tracks in (b) are probably due to microbial contamination of the media.
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several genes, the  presence of an in tron  is unnecessary (G ething & Sam brook, 
1982) o r can lead to  lower or aberran t expression a t the  protein  level (Kondor- 
Koch et a l., 1983). We have expressed chicken ovalbum in cDNA in two 
SY 40/pB R  “shuttle* ' vectors (Mulligan & Berg. 1980), which differ in the 
provision in only one of them  of an in tron  and associated flanking sequences in 
the  region encoding the  3' u n transla ted  region of the  tran scrip ts  in itia ting  a t the 
SY40 early  prom oter. From  our results (Fig. 3), it was clear th a t th e  presence of 
the  in tron  an d /o r its flanking regions led to  reduced protein expression. We do not 
know th e  reason for this. W hilst th e  efficiency of splicing foreign gene transcrip ts 
is som ew hat variable in oocytes (D. A. Melton, personal com m unication), 
W ickens & G urdon (1983) have reported  th a t 50%  of stab le  SV40 late  transcrip ts 
are correctly  spliced in oocytes; a 50%  reduction in “ correc t” tran scrip ts  would 
not explain  th e  differences in expression we observed. However, in th e  absence of 
ap p ro p ria te  pulse-chase  experim ents, th e  possibility cannot be excluded th a t 
m any unspliced or incorrectly  spliced tran scrip ts are highly unstable  in the 
W ickens & G urdon (1983) experim ents.
T he replacem ent o f  th e  SV40 early  prom oter w ith the  Herpes simplex thym idine 
kinase p rom oter resulted in sevenfold higher ovalbum in expression in oocytes. 
T his su b stitu tio n  o f prom oters had a sim ilar effect on lysozym e expression, 
a lthough  th e  use o f th e  m urine sarcom a virus long term inal repeat prom oter in 
place o f th e  T K  p rom oter did not fu rth er boost lysozyme protein  production. 
Since no q u a n tita tiv e  com parisons o f transcrip t abundance w*ere m ade following 
pro tein  expression w ith the  different prom oters, th e  relatively  inferior 
perform ance o f th e  SV40 prom oter in oocytes rem ains unclear.
T he occurrence of tran scrip ts  from a prom oter o f reverse po larity  to  th e  TK (or 
SV40) p rom oter was unexpected, since th is prom oter had not been reported  before 
and  p robably  does not function in cultured m am m alian cells (A. Colman, 
unpublished results). W e do not know w hether use o f th is p rom oter reflects some 
special characteris tic  o f  am phibian  oocyte nuclei or one of am phib ian  cell nuclei in 
general. C learly, stead y -s ta te  levels o f tran scrip ts in itiating  a t  th is prom oter are
Flu. II. Synthesis of prochymo»in after mRNA or I)NA injection, (a) mRNA injection. Oocyte» were injected with preprochymo»in mRNA (1 mg/ml) or distilled water and cultured in media 
containing |35S|methionine a» described in Material» and Method». Oocyte» were then homogenized in re»UHpen»ion buffer (»ee Material» and Method») and homogenate» (O) and incubation media (8) were iinmunoprecipitated with anti-prochymosin antibody and electrophoresed: 100 pi of medium wa» also 
acidified by addition of HCI to pH 2-0. The acidified fraction wa» left for 25 min at 0°C before 
neutralization to pH 7-0 by addition of 2m-Tnh-H0I (pH 7-4). The »ample was then centrifuged (10,000g, 10 min) and the »upernatant (AS) and the pellet, »olubilized in re»u»pen»ion buffer (Al*). were immunoprecipitated. The final track »how» the immunoprecipitated product» from a wheat germ 
translation of preprochymosin mRNA (W). Abbreviation». I*. po»ition of ('oomassie blue-stained prochymosin; C, po»ition of Coomaaaie blue-»tained ehymo»in. (b) and (c) I>NA injection. Bell 
fragment» containing preprochymosin, chymosin (Mellor et al., 1983) and prochymo»in (Emtage et al.. 1083). were end-filled and then ligated to //mdlll linker». After //indlll digestion, the fragment» were ligated into the //indlll site of the pTK2 expression vector (Fig. I). Const riots pTK282 + (preprochymosin). pTK270 + (met-prochymosin) and pTK286 + (met-chymosin) were injected into 
oocytes and cultured and proi-essed a» in Fig. 3 with the following change» First. anti-prochymo»in or anti chymosin antil>odie» were used. Secondly, in some experiment». 50 nl of rabbit antiserum 
containing anti prochymosin antibodies were injected into oocyte» before their incubation in 
radioactive media.
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Ovalbumin
mRNA
Fluorescence Nomarski
Fie». 12
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Lysozyme
mRNA
pTK2lys + 
DNA
Fluorescence Nomarski
Km. 12 Microinjection of KH K «-ells with mRNA or don«! DNA Cultured BHK cells were injecte«! 
with mRNA or cloned DNA (both at I mg ml) as indicated and cultured for Kh liefore fixing ami iinmunortuoreHcent staining as describe«! in Materials ami Methods. Fluorescence micrographs are 
shown on the left: the «•orreaponding Nomarski or. in one case (pTK2Lya + ). phase micrographs an- 
shown on the right
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Lysozyme
mRNA
pTK2lys + 
DNA
Fluorescence Nomarski
Preprochymosin
mRNA
pTK j82  + 
DNA
Kmj 12 Microinjcetion «>t‘ HHK <*11« with mRNA or clone«! DNA Cultured HHK cell« were injected with mRNA or cloned DNA (both at I my ml) as indicated and cultured for 8h Indore fixing and iinmunoHuorewent «taming an deacrilied in Material« and Method« Fluorescence micrograph« are 
nhowii on the left the corre«|NHiding Nomamki or in one ca«e (pTK2Lys-♦-)• pha«e micrograph« are 
«hown on the right
P.  K R I E G  E T  A L .
much lower th an  those from the  TK prom oter (Fig. 6 and our unpublished 
results), m aking it difficult to  account for th e  larger am ount o f pro tein  seen when 
the  injected DNA contains ovalbum in coding sequences inserted in th e  opposite 
polarity  to  the  T K  (or SV40) prom oter (see Figs 3(a) and 4(a)). I t  is also difficult 
to  explain why certa in  injected DXAs. e.g. preprochvm osin cDNA (pT K 28 2 + ). 
alw ays express well a t the  level o f protein synthesis, whereas protein  expression 
from others, e.g. prelysozym e cDNA (pT K 2L y s+ ), is highly variable, whilst the 
relative levels o f transcrip tion  from each construct rem ain sim ilar from 
experim ent to  experim ent. V ariation  in protein  expression from injected DXA 
between different batches o f oocytes has been noted by o thers (Asselbergs et al., 
1983; Jo n es et al., 1984).
6 4 0
(b) Expression of specific cDNA inserts
(i) Ovalbumin
From  th e  resu lts  described in R esults, section (d)(ii), it is clear th a t a 
d iscrepancy ex ists betw een th e  am ounts o f  ovalbum in produced a fte r DXA or 
m RXA injection. T his could arise from differences in th e  5' u n tran sla ted  region of 
injected m R X A  and  tran sc rip ts  from the injected recom binant DXA. M cReynolds 
et al. (1978) no ted  th e  presence of a palindrom ic sequence a t  th e  5' end of 
ovalbum in m RX A  th a t  could give rise to  a  strik ing  hairpin s truc tu re . These bases 
were excised in th e  p repara tion  of the  ovalbum in inserts used in th is work 
(Fig. 2). I t  is conceivable th a t  th e ir presence enhances transla tiona l efficiency.
A part from  th e  above q u an tita tiv e  differences in transla tion , th e  fa te  o f the 
synthesized wild ty p e  ovalbum in proteins a re  sim ilar w hether m RXA or DNA is 
injected. Two additional ovalbum in species, which are shown to  be ex tended  by 
21 or 51 am ino acids a t th e  X term inus, were seen afte r DNA bu t no t m RNA 
injection. T he sm aller, ex tended  protein was secreted, w hilst the  larger rem ained 
in the  cytosol. T he significance of the  different com partm en ta tion  of th e  two 
proteins is discussed in the  accom panying paper (Tabe et al., 1984); however, it is 
worth com m enting on the  fact th a t both th e  extended (21 am ino acid) and wild 
type ovalbum ins are  p robably  synthesized from the  sam e tran sc rip t after 
pT K 2O V — or pSV 2O V — injection. The 5' sequences flanking the  ex tended  and 
normal AUG in itia tion  codons are 5'-G-G-U-A-U*G-G-G-3' and 5'-A-C-C-A- 
U-G-G-3', respectively. From  a survey of known eukaryo tic  m RNA sequences, 
Kozak (1983) concluded th a t  functional in itiation  codons occur in a  restricted 
sequence con tex t w ith 5'-A-N-N-A-U-G-G-3' (norm al ovalbum in) being favoured 
over 5'-G-N-N-A-U-G-G-3' (21 am ino acid extension). Kozak (1984) has shown for 
the expression of preproinsulin  in cu ltu red  cells th a t a change of th e  A residue 
three residues upstream  of th e  in itia to r AUG (5'-A-U-U-A-U-G-A-3'), to  a G 
(5'-G-U-U-A-U-G-A-3') or C residue (5'-C-U-U-A-U-G-A-3') led to  a 3 or 15-fold 
reduction o f proinsulin form ation, respectively. However, it is also clear from 
Kozak (1984) th a t th e  presence of an AUG 54 bases upstream  of the  wild type 
AUG led to  preferential transla tion  from th e  upstream  AUG, even though the 
flanking sequence (5'-C-U-U*A*U-G-A-3') is not optim al for preproinsulin
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expression (see above). This ap p aren t dom inance of “ position” effect over 
sequence con tex t would explain th e  predom inant synthesis o f the  21 am ino acid 
ex tended  ovalbum in over the  wild type  and m ight also account for the 
appearance o f th e  51 amino acid extended ovalbum in, since the  surrounding 
sequence here, 5'-C-N-N-A-U-G-C-3' was only noted in only one out o f over 180 
euk ary o tic  m RN A s (Kozak, 1983).
(ii) Lysozyme
We d em onstra ted  previously th a t  lysozyme is secreted from oocytes over 12 
tim es fa s te r th an  ovalbum in a f te r  mRNA injection (Cutler et al.. 1981). Sim ilar 
results were obtained a fte r DNA injection (cf. Figs 3 and 10).
In F igure 12. the  d istribu tion  of lysozyme and ovalbum in are displayed 
following m R N A  and DNA injection into cu ltu red  cells. Because of background 
fluorescence problem s, it is difficult to  assess ovalbum in d istribu tion  following 
DNA injection; however, the  d istribu tion  of lysozyme and ovalbum in following 
RNA in jection  appears different, w ith lysozym e fluorescence concentrated  in a 
perinuclear region, which is probably  the  Golgi ap p ara tus; in contrast, ovalbum in 
has a re ticu la r d istribu tion , indicating  a  predom inant localization in the 
endoplasm ic reticulum . These locations a re  consistent w ith a faster intracellular 
tran sp o rt tim e for lysozyme th an  ovalbum in in cultured  cells as well as oocytes.
(iii) Preprochymosin and prochymosin
In jec tion  o f preprochym osin DNA (p T K 282 +  ) elicits the  production of 
prochym osin w ithin the  oocyte. This protein  is segregated within oocyte 
m em branes and secreted (Fig. 11(b)). W hen prochym osin DNA (pTK 27<)+) was 
in jected , only a small am ount o f prochym osin was detected  and , as expected for a 
p ro tein  lacking its signal sequence, th is protein was located in th e  cytosol 
co m p artm en t. In itia tion  of transcrip tion  from the  TK prom oter in pT K 28 2 +  and 
p T K 27 0 +  appeared  sim ilar (not shown). I t  is tem p tin g  to  speculate that 
prochym osin  in the  cytosol is unstable. However, the  regions im m ediately 
Hanking th e  in itia to r ATG in p T K 282 +  and p T K 27 0 +  are different (Mellor et al., 
1983) an d  th is could affect transla tiona l efficiency (see above). Interestingly, when 
these sam e cDNA inserts were expressed in y east cells, 20-fold more protein  was 
de tected  from the  prochym osin cDNA (Mellor et al. 1983).
5. C onclusions
T his paper describes the  expression, in frog oocytes, o f  genes for three secretory 
proteins, in a varie ty  o f vector/prom oter com binations. Based on the results o f 
these ex p erim en ts we have chosen, for urn* in fu rther studies, an optim al vector 
con tain ing  th e  Herpes simplex thym idine kinase gene prom oter and lacking an 
NY’40 in tro n . In the accom panying pa|>cr (Tabe et al., 1984). we dem onstra te  how 
this expression system  was used to  assess th e  effect of in vitro m utagenesis on the 
secretion of chicken ovalbum in from injected oocytes.
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The intramolecular signals for chicken ovalbumin secretion were examined by 
producing mutant proteins in X enopus oocytes. An ovalbumin complementary I)XA 
clone was manipulated in vitro, and constructs containing altered protein-coding 
sequences and either the simian virus 40 (SV40) early promoter or H erpes sim plex  
thymidine kinase promoter, were microinjected into Xenopus laevis oocytes. The 
removal of the eight extreme X-terminal amino acids of ovalbumin had no effect on 
the segregation of ovalbumin with oocyte membranes nor on its secretion. A protein 
lacking amino acids 2 to 21 was sequestered in the endoplasmic reticulum but 
remained strongly associated with the oocyte membranes rather than being secreted. 
Removal of amino acids 231 to 279. a region previously reported to have membrane- 
insertion function, resulted in a protein that also entered the endoplasmic reticulum 
but was not secreted. Hybrid proteins containing at their X terminus amino acids 9 to 
41 or 22 to 41 of ovalbumin fused to the complete chimpanzee a-globin polypeptide 
were also sequestered by oocyte membranes. We conclude that the ovalbumin “signal" 
sequence is internally located within amino acids 22 to 41. and we speculate that 
amino acids 9 to 21 could be important for the completion of ovalbumin translocation 
through membranes.
1. In tro d u c tio n
The original signal hypothesis (Blobel & Dobberstein, 1975«) envisaged th a t the 
eo-translational transfer through the endoplasm ic reticulum  m em brane of the 
nascent chains o f secretory proteins occurred in a th read like  manner. 
O bservations on the final disposition in the m em brane of various transm em brane 
proteins has necessitated a change in the original model (Blobel. 1980) as well as 
prom pting  the  form ulation of a lternative  models (Inouye et a /.. 1977: von Heijne 
& Blomherg. 1979: W ickner. 1980: Kngelman & Steitz. 1981) to  accom m odate the 
insertion of looped polypeptides into and through the KH{ m em brane. In some of 
these models, a looped mode of insertion has been evoked for m em brane and
t Preaent address: Department of Biochemistry and Molecular Biology. 7 Divinity Avenue. Harvard 
University, Cambridge, Mass. 02138, U.8.A.
X Abbreviations used: ER. endoplasmic reticulum: cDNA. complementary DNA. bp. base pair(s); 
kb. 10* bp
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«4fi ©  1984 Academic Press Inc. (London) Ltd.
t*46 L. TABE E T  A L .
secretory proteins on th e  basis o f a postu lated  in teraction  betw een the N -term inal 
am ino acids o f these  pro teins and  th e  cytoplasm ic side o f  th e  ER  m em brane 
(Inouye et al.. 1977; von H eijne & Blom berg, 1979) or as a m eans of generating  
favourable free energies for polypeptide transfer th rough  the m em brane 
(Engelm an & S te itz , 1981). In  o th er models, th e  looped insertion m echanism  is 
extended from m em brane pro teins to  secretory  proteins essentially  for the  sake of 
consistency (Blobel. 1980). H ow ever, in th e  case o f one secretory protein, chicken 
ovalbum in, a looped insertion  model has seemed unavoidable  due  to  the  position 
o f  its signal sequence. This protein  has been shown to  lack a cleavable signal 
peptide (Palm iter et at.. 1978). a lthough  studies in vitro have dem onstra ted  the 
presence of th e  functional equ ivalen t o f a signal sequence (L ingappa et al.. 1978). 
On the  basis o f com petition  stud ies in vitro, L ingappa et al. (1979) ascribed signal 
function to a region o f ovalbum in betw een am ino acids 229 and 279: however, 
subsequent studies involving different stra teg ies in vitro have located th e  signal 
w ithin the  N -term inal 150 (Braell & Lodish. 1982) or 70 (Meek et al.. 1982) amino 
acids of the  p ro te in . E xam ination  of the  am ino acid sequence of ovalbum in 
reveals th a t  th e  first 25 am ino acids bear no resem blance in term s of 
hydrophobicity  index to  an y  identified signal sequence (for a review, see Chan & 
Bradley, 1982). a lth o u g h  there  is a su itab ly  hydrophobic region between amino 
acids 28 and 46 (M cR eynolds et al.. 1978). T his evidence suggests th e  presence of a 
signal sequence in th e  N -term inal region of ovalbum in, a lthough not ex tend ing  to  
the  extrem e N term inus.
The function ascribed  to  signal sequences has undergone som e revision recently. 
Originally, the hydrophob ic  signal peptide was though t to  in teract d irectly  with 
some m em brane com ponent. The discovery of the  signal recognition particle 
(W alter & Blobel, 1980) and recen t insight in to  its  in te rac tion  with th e  signal 
sequence (Gilmore & Blobel. 1983) and w ith docking protein (Meyer & 
D obberstein. 1983) du ring  only the  initial stages o f translocation  o f nascent 
secretory po lypeptides m ake it unclear as to  w hether th e  signal sequence has a 
fu rth er role d u rin g  th is translocation  process. I f  there  is an in teraction  between 
the  signal and a  p e rm an en t m em brane com ponent, then  for ovalbum in transfer 
th is in teraction  m u st be tran s ien t, since the  signal sequence is eventually  secreted 
as part o f the m atu re  p ro tein . For all o th er secretory  or m em brane proteins, the 
signal is e ither cleaved off or rem ains as part (if th e  m em brane-spanning region 
(M arkoff et al.. 1984). I t  has been suggested th a t phvlogenetically, secretory 
proteins arose from  m em brane proteins by proteoly tic  release o f their externalized 
dom ains (Sahatin i et al.. 1982). I f  m ovem ent o f the  signal peptide ou t o f a 
m em brane is p rob lem atica l for secretory  proteins, and is norm ally solved by 
cleavage, then in th e  case o f ovalbum in o ther m echanism s m ay be involved in its 
release from th e  E R  m em brane.
In th is p ap er, we investigate  th e  con tribu tion  o f  various regions o f  the 
ovalbum in po lypep tide  to  its sequestration  by, and subsequent secretion from 
oocyte m em branes. The expression of norm al and v a rian t ovalbum ins was 
achieved by th e  in jec tion  in to  Xemrpus oocyte nuclei o f  plasm id DNA containing 
cloned ovalbum in com plem entary  DNA as described in the  accom panying paper 
(Krieg et a!.. 1984).
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2. M ateria ls a n d  M ethods
(a) M aterials
Sources of chemicals, biochemicals and radiochemicals are exactly as reported in the 
accompanying paper (Krieg et al.. 1984). except for rabbit anti-human globin. which was purchased from Miles-Yeda.
(b) (Construction o f  m u tan t ovalbumins
Unless otherwise stated, the genetic manipulations described below were made using the 
methods described by Maniatis et al. (1982). As explained by Krieg et al. (1984). the 
symbols + and — . used in construct descriptions, refer to the polarity of the coding region 
of the insert in relation to the simian virus 40 (SV40) early promoter or the Herpes sim plex  
thymidine kinase promoter present in the vectors pSV2 or pTK2. respectively.
(e) psvj)vam+
pSV2OVSM + , lacking bases 82 to 460 of the H in d l l l ovalbumin cDNA insert (Fig. 1) 
was made by cutting pSV2OV + with »Sa/I and gel-purifying the larger fragment (the vector 
contains no S stl site). The larger fragment was ligated and transformation performed. The 
deleted region corresponds to amino acids 20 to 145 of ovalbumin
(d) p T K /) V Smy +
pTK2OV’Sjlu-*-. lacking bases 717 to 864 of the //mdlll-ovalbumin cDNA insert 
(Fig. 1). was constructed as follows: pSY^ OVg,, + (above) was cut with //tndlll and the 
926 bp ovalbumin-coding insert purified. This fragment was digested with Sau3A . giving 
fragments of 331 bp. 147 bp and 451 bp. The 331 bp and 451 bp fragments, after 
purification from a 3% agarose gel. were ligated to form mixed concatamers. which were 
then digested with H in d l l l yielding 3 types of dimers of the original fragments: 2x331 
(662 bp). 2x451 (902 bp) and 331+451 (782 bp). This latter, mixed dimer was isolated 
from a 3% agarose gel and ligated with ///«dill-cut pTK2 vector (see Krieg et al.. 1984). 
which had been treated with calf intestinal alkaline phosphatase.
A transformant containing the 782 bp insert in the + orientation was grown up and 
plasmid DNA prepared. The DNA was linearized by digestion with Safi and treated with 
calf intestinal alkaline phosphatase l>efore ligation with a 378 bp Sst fragment purified from 
a Sstl digest of pTK2()V + . Transformants containing a 1160 bp Hindlll insert were then 
isolated and the orientation of the inserted S s tl fragment checked. The final product of this 
procedure (pTK2OVSau + ) differed from pTK2OV+ in the absence of a 147 bp fragment 
encoding amino acids 231 to 279 of ovalbumin (also see Fig. 2).
(e) p T K f i V  M +
pTK2()V + DNA was digested with ///ndlll and the 1318 bp ovalbumin coding 
fragment was purified: 5 pg of this fragment were digested at 30°U with 0-5 unit of Bal3\
Ovolbumm (HmfUR insert)
1318
> ( » 100 bp
Flo. I. This Figure displays a restriction map of the //(’mill I insert for chick ovalbumin 
d e s c r ib e d  by Krieg et al. (accompanying pajwr).
29 149 440 448 717 864
I Nco\ Ncol PruU^ / Sou 3A Sou 3A Sou 3A
t-i— i-- 1--------------- Vi-------------1------- '---------------- n-
ATG S s tl  P s t lS s t l  TAA
82 443 460
648 L  T A B E  E T  A L .
exonuclease for 90s. The Bal3\-digested DNA was ligated with //««dill linkers and then 
cut with //i'ndlll and Pstl. DNA molecules between 3(H) bp and 400 bp long were isolated 
from a 3% agarose gel and inserted between the //¿wdlll and Pstl sites in the M13-mp8 
vector. Using dideoxy sequencing (Sanger et al., 1977), a transformant was identified in 
which 42 nucleotides had been removed from the terminus of the ovalbumin insert which 
had contained the wild-tvpe ATG codon. This DNA fragment was excised with H ind lll 
and PstX from a double-stranded replicative form of the M13 clone, and ligated with the 
875 bp Pstl-Hindlll fragment prepared from the 1318 bp ovalbumin insert (nucleotides 
443 to 1318. see Fig. 1) and the //mdlll-linearized pTK2 vector. Transformants were 
screened, and pTK2OV434-. a construct differing from pTK2OV-I- by the absence of the 
first 42 bp of the //mdlll-ovalbumin insert (Fig. 1. and see Fig. 2) was isolated.
(f) p T K .20  V Nco +
pTK2OV+ was restricted with JVcoI producing 4-75 kb and 120 bp fragments. The larger 
fragment was gel-purified, ligated and transformation performed. The final product 
(pTK2OVNco+ ) differs from pTK2OV 4- by the absence of the 120 nucleotides encoding the 
first 40 amino acids of ovalbumin (see Fig. 2).
(g) p T K sQ V HiB +
A recombinant DNA (pTK2OV92 4-) containing all but the first 91 nucleotides of the 
///wdlll-ovalbumin insert (Fig. 1) was prepared exactly as described for pTK2OV43+. 
above. The ovalbumin insert was excised and the overhanging 5' ends filled in using 
Escherichia coli DNA polymerase (Klenow fragment). The DNA was then cut with Pvull 
and the 349 bp //mdlll-PrwII fragment (nucleotides 92 to 440. Fig. 1) was isolated and 
treated with calf intestinal phosphatase (fragment A).
pTK2OY’+ was cut with jVcoI and the 4-75 kb fragment (see section (f). above) was end- 
filled before restriction with AccI. The 471 bp Accl-Ncol fragment, which contains the TK 
promoter, was gel-purified (fragment B).
Finally. pTK2OYr+ was restricted with Pvu ll and Accl yielding several small fragments 
and a 4 0 kb fragment. The largest (4 0 kb) fragment was gel-purified (fragment C).
Fragments A. B and C were ligated, then transformants were screened for plasmids 
containing one of each fragment in the appropriate order and orientation. The final 
construct. pTK2OYrHlt 4-. resembles pTK2OV 4- in that the 5' leader sequence and initiator 
ATG are present. It differs in that the nucleotides encoding amino acids 2 to 21 of 
ovalbumin are absent, although 3 new amino acids are introduced by the H ind lll linker 
used in the construction (Fig. 2).
(h) pT K .¿O V 4jQ +
pTK2OV434- DNA was cut with »S7mI and ATeoI yielding fragments of 4-2 kb and 634 bp, 
the larger of which was gel-purified (fragment A). The plasmid pGOV2 (a gift from 
V’. Lingappa. UUNF. San Francisco. U.S.A.) was cut with *S7mI and S c o l yielding a large 
fragment and a fragment of approximately 990 bp containing the entire protein-coding 
region of chimpanzee x,-globin cDNA. including the normal terminator codon. The 990 bp 
fragment was gel-purified and ligated with fragment A (see above) and transformants were 
screened for a construct containing one of each fragment in the correct orientation. The 
ex jjected protein product of this construct (pTK2OV43G4-) would contain residues 9 to 41 
of ovalbumin fused to the N terminus of chimpanzee x-globin. No new amino acids are 
added by these manipulations.
(i) p T K / ) V ki//4-
pTK2OVHlt DNA was cut with jVcoI  and S tu \ yielding fragments of 4-2 kb and 634 bp. 
the larger of which was gel-puritied and ligated with the 990 bp X c o l-S tu l fragment
pSV20VSg|
*pTK20V*
T o ta l
R eg ion«  d e l e t e d  f ro m  e n co d e d  p r o te in »  num ber o f
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259 2 9 /3 0 -5
280
: Ly» 11 e [ Lau G l u -------------- G lu  A rg  L y  l l e | Ly» V al -  P ro  385
Jt Ly» I l e  Ly» V a l -------------------- ------- P ro  336
* pTK jOV♦ 
pTK20V^j*
[Net G ly S e r I l e  C ly  A la  A la  Seri Net G lu  Phe - 
ACC/AUG/CGC/--------
• P ro  385
4 3 - 5 /4 5
3 7 -5 /3 9
4 3 - 5 /4 5
4 2 - 5 /4 4
* pTK 20V♦ 
PTK2W H ..
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368 4 1 /4 2 - 4
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pTK2OVHco* Net V al T y r -------------------------------------------------------------------------------------------------------------------------------- P ro  34 5 3 9 /4 0 -5
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•W ild  ty p e  o v a lb u m in
Fio. 2. Amino acid modifications in mutant ovalbumins. The altered coding sequences in each of the 
mutant constructs described in Materials and Methods are displayed underneath the wild type 
sequence for the same region. Boxed areas indicate deleted sequences, whilst underlined amino acids 
(pTK2()VMil4-) indicate new amino acids introduced in the cloning. Numbers above the amino acids 
designate the position of the residue in wild type ovalbumin. The nucleotide sequences Hanking the 
initiation codon are also shown. The columns list the total number of amino acids in each protein, and 
the exjieeted molecular weight of an unglycosylated (first figure) or glycosylated (second figure) wil<l 
type or mutant ovalbumin.
encoding chimpanzee globin, described in section (h). above. The expected protein product 
of this construct would contain the amino acid sequence Met-Ser-Leu-Leu followed by 
amino acids 22 to 41 of ovalbumin followed by chimpanzee x-globin. Thus, the amino acids 
introduced at the N terminus of the OYrHlt protein (see section (g). above) are retained in 
the OVHlt globin protein, although no new amino acids are introduced at the junction 
between the ovalbumin and globin.
(j) M icroinjection o f oocytes
Microinjection and culture of Xenopus oocytes were as descril>ed by Krieg et at. (1984).
(k) Oocyte fractionation
In most experiments, oocytes were homogenized and fractionated on sucrose step 
gradients in the presence of phenylmethylsulphonyl Huoride as descrit>ed by Krieg et al. 
(1984). The su|>ernatantH containing cytosolic com|M>nent* were stored at — 20°C\ whilst 
the fiellets containing membranes were either resusjiended in Triton X-100-containing 
buffer (Krieg et al., 1984) or in T buffer (50 mM-NaUI. 10 niM-magnesium acetate. 20 mM-
Tris • HCl, pH 7-5). modified by the addition of 100 mM-NaCl and 10% (w/v) sucrose, 
before freezing to — 20°C.
In some experiments, injected oocytes (20 to 25) were homogenized in 0-5 ml of modified 
T buffer containing 1% Triton, before layering on a 10-ml 5% (w/v) to 20% (w/v) linear 
sucrose gradient in T buffer, with 01% (v/v) Triton and centrifuging at 39.000 revs/min 
for 20 h in a SW40 Beckman rotor at 4°C. Fractions (1 ml) were collected, diluted with 1 ml 
of 2 x immunoprécipitation buffer and precipitated as described by Krieg et al. (1984).
(1) Carbonate extraction o f membranes
Samples of oocyte membranes (100 /il) resuspended in T buffer were diluted with 100 gl 
of 200 mM-sodium carbonate (pH 110) and left at 0°C for 30 min. before centrifugation at 
2-8 kg/cm2 in a Beckman airfuge. for 5 min at 4°C. The supernatants were removed and 
neutralized with 20 pi of 1 m -HCI. The pellet was either resuspended in 200 pi of 100 mM- 
sodium carbonate and the treatment repeated, or dissolved in 100 pi of homogenization 
buffer (5mM-MgCl2. 100 mM-NaCl, 50 mM-Tris • HC1 (pH 7-6), 1% (v/v) Triton X-100). 
Neutralized supernatants and solubilized pellets were then immunoprecipitated.
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(m) Im m unoprécip ita tion  and electrophoresis
Immunoprécipitation and electrophoresis of oocyte media, cytosol or membrane 
fractions on reducing. 12-5% (w/v) polyacrylamide gels were performed as described by 
Krieg et al. (1984).
3. R esults
(a) Effect of deletions on secretion
(i) Removal of amino acids 20 to 145
B aty  et al. (1981) have dem onstra ted  th a t the removal, w ith  Sst\, of a section of 
th e  ovalbum in gene encoding am ino acids 20 to  145 inclusive, preven ts the  
segregation of a /J-galactosidase-ovalbum in fusion protein  through th e  inner 
m em brane of the bacterium  Escherichia coli. We have constructed  a sim ilar 
deletion in the  discrete ovalbum in gene contained in the  pSV 2OV 4- vector (Krieg 
et a l., 1984). As can be seen from Figure 2, no new amino ac id s are in troduced by 
th is m anipulation. A fter injecting this deletion construct (pSV2OVSil 4-) into 
oocytes, a protein m igrating  at the  m olecular weight of 29,(MX), as predicted for an 
unglycosylated, deleted ovalbum in, is detected only in th e  cytosol fraction  
(Fig. 3(a)). We conclude, therefore, th a t the  deleted region con tains e ither all or 
an essential part o f th e  inform ation necessary to  in itia te  segregation of 
ovalbum in. Surprisingly, although we have reported th e  appearance o f  an 
extended ovalbum in when the polarity  o f the com plete ovalbum in insert is 
reversed (i.e. pSV’2OV —, see the accom panying paper), no  product a t all was 
detected  a fte r  injection o f pSVjOVj.,— (results not shown).
(ii) Removal of amino acids 231 to 279
Lingappa et al. (1979) described d a ta  th a t they in te rpreted  as localizing p a rt or 
all of the ovalbum in signal sequence between am ino acids 229 and 279. These 
results were obtained using in vitro transla tion  and segregation system s, which 
only exam ine the  inform ation necessary for the  protein to  gain access to  the
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Fig. 3. Effects of mutation on the segregation and secretion of ovalbumin. Oocytes were injected 
with the various constructs, as indicated, and incubated for 24 h before the addition of 
[35SJmethionine to the medium. After a further 24 h. oocytes were fractionated as described in 
Materials and Methods into membrane (M) and cytosol (C) fractions. These fractions, and incubation 
media (S), were immunoprecipitated with anti-ovalbumin antisera and electrophoresed. (a), (b). (c) and 
(d) are experiments conducted with different batches of oocytes: 2-5 oocyte equivalents of the M and (’ 
fractions, and 5 equivalents of the S fraction were loaded on each track.
lumen of the endoplasm ic reticulum  and not th a t for any subsequent steps in the 
secretory process. Using the  restriction enzym e *N7im3A, we removed the 
nucleotides encoding amino acids 231 to 279 inclusive, from the  ovalbum in DNA 
insert (see M aterials and Methods, and Fig. 2). No new am ino acids are introduced 
into the encoded protein. After injection of th is  construct in to  oocytes, a m ajor 
product of apparen t molecular weight 43,000 was found segregated in the
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m em branes, bu t was no t secreted (Fig. 3(b)), in con trast to  the  full-length wild 
type  pro tein . As a  consequence of the  deletion, we an tic ipa ted  the  m olecular 
w eight o f the  m u ta n t p ro tein  to  be 6000 M t lower th an  th a t  o f full-length 
ovalbum in  in th e  corresponding oocyte fraction . This is clearly no t the  case. W e 
suggest, therefore, th a t th e  m u ta n t p ro tein  p resent in oocyte m em branes has 
undergone add itional post-transla tiona l m odifications no t present in full-length 
ovalbum in. I f  th is is true , these  e x tra  m odifications could, in principle, account 
for th e  lack of secretion. In  o rder to  tes t th is  possibility, and to  investigate th e  
m olecular basis o f  th e  anom alous m obility  o f th e  m u tan t proteins, we have 
rep ea ted  the  experim ent in th e  presence o f tunicam ycin , an inhib itor o f  
A -glycosylation (Tzack & Lam pen, 1975). In  th e  experim ent shown in Figure 4(b), 
the  tre a tm e n t w ith tun icam ycin  was only p a rtia lly  effective, as judged by th e  
p reven tion  of g lycosylation o f ab o u t 50%  o f wild ty p e  ovalbum in molecules 
(Fig. 4(a)). In  th e  case o f th e  m u tan t, in add ition  to  th e  43,000 M r species, 
p ro ducts o f 42,000 M r and  40,000 M t were found a fte r  trea tm e n t w ith tunicam ycin 
(Fig. 4(b)), the  la t te r  (40,000 M t) species hav ing  the  expected m obility o f an  
unglycosylated deleted  ovalbum in. A p roduct o f sim ilar m obility  is also seen in
( o)
pTKgOV-*-
( b )
CON pTK20Vmu
rM C i" 1 ' m C S1
Fio. 4. Effeet of tunicamycin on sécrétion of wild type and mutant ovalbumin». Oocyte» were 
injected with variou» DNA» a» indicated. Incubation and proce—ing were a» de»cribed for Fig. 3. Tunicamycin (tun) at 40 pg ml in diatilled water wa» injected into the cytoplasm of the oocyte», 
about 6 h after the DNA injection, and tunicamycin at 2/ig/ml wa» added to the media »urrounding tunicamycin injeeted oocyte». The arrow» in (b) ami (c) indicate the position» of the major 
glycottylàted form» of the mutant protein». a» »een in Fig 3. ((b) and (d)). (a), (b) and (c) repreaent one 
experiment. u»ing one batch of oocyte». (’ON. control. AU »a nple» in (b) and (c) were from oocyte» 
treated with tunicamycin.
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the cytosol. Presum ably, this cytosol product arises from m iscom partm entation  of 
the molecule during synthesis, a phenom enon we have noted for full-length 
ovalbum in (Colman et al., 1981; Fig. 4(a)). I t  would appear, therefore, th a t  the 
ex tra  m odification th a t  causes reduced m obility o f th e  OVSau pro tein  is an 
AT-glycosylation event. The appearance of an in term ediate (42,000 M r) species 
under the  conditions o f  partial inhibition by tunicam ycin m ight im ply th a t  two 
glycosylation sites are used on the deleted protein ra th e r th an  the one site  used in 
wild type ovalbum in. In contrast to  the  unglycosylated wild type  ovalbum in 
(Fig. 4(a); also see Colman et al., 1981), the  unglycosylated m utan t p ro te in  is not 
secreted. We conclude th a t the  lack of secretion of the  OVSau pro tein  is not a 
consequence of its glycosylation sta tus.
Expression was also obtained after injection of a construct in wrhich th e  polarity 
of th e  / / t n d l l l  O V ^  insert was reversed (pTK jO V ^u —). The m u ta n t protein, 
w ith its  additional 21 am ino acid N -term inal extension (see Krieg et al., 1984), had 
an ap p aren t molecular weight o f 46,000 and was segregated in oocyte m em branes, 
but no t secreted (results not show'n).
(iii) Removal of amino acids 1 to 8
The construct p T K 2OV43 +  , was m ade by progressive digestion of the 
ovalbum in HindlW  insert w ith Bal3\ exonuclease (see M aterials and Methods). 
DNA sequencing showed th a t the nucleotides encoding th e  wild ty p e  in itiato r 
m ethionine were removed in th is process (see Fig. 2). We therefore an tic ipa ted  a 
protein product th a t in itiated  a t th e  next internal m ethionine residue, which 
occurs a t position 9 o f the  full-length polypeptide. As displayed in F igure  3(c), an 
immunospecific product with a  slightly faster m obility than  full-length ovalbum in 
was synthesized. This product was segregated within oocyte m em branes and was 
secreted with a  sim ilar efficiency to full-length ovalbum in.
(iv) Removal of amino acids 2 to 21
The construction of pT K 2OV'His +  is described in M aterials and M ethods and 
the new N-term inal region is displayed in Figure 2. Unlike all the above deletion 
m utan ts, some new am ino acids have been introduced in to  th is construct, giving 
an expected product 365 am ino acids long, in which the  first 21 am ino acids of 
ovalbum in have been replaced by th e  sequence M et-Ser-Leu-I.eu (see Fig. 2). 
Expression of this, and the  wild type  ovalbum in construct are shown in 
Figure 3(d). Two immunospecific products th a t segregate w ith oocyte m em branes 
are seen a fte r injection of the m u tan t construct. N either OVHU product is secreted, 
and th e  electrophoretic m obilities of th e  proteins are slower than  expected  for a 
deleted ovalbum in. I t  was, therefore, suspected th a t the  main OVHlB species 
represented an abnorm ally post-translationally  modified, deleted protein. 
T reatm ent with tunieam yein resulted in a m ajor product o f apparent molecular 
weight 41,000 (Fig. 4(c)), the predicted m olecular w’eight for an unglycosylated 
ovalbum in containing 365 amino acids (Fig. 2). This unglycosylated product 
segregated with m em branes, but was no t secreted.
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(v) Removal of amino acids 1 to 40
A construct (pT K 2OVNco+ )  lacking the nucleotide sequence encoding amino 
acids 1 to  40 of ovalbum in (see M aterials and M ethods, and Fig. 2) was injected 
in to  oocytes. No pro tein  product w as detected  a fte r  injection of th is  DNA into 
oocyte nuclei, a lthough tran scrip ts  were synthesized an d  exported to  the  oocyte 
cytoplasm  (results no t shown).
(b) Sucrose gradient fractionation of OVSau and OVHis proteins
In  the  above sections we have d em onstra ted  th a t  th e  OVHis and OVSau products 
segregate, during centrifugation , with the  oocyte m em branes, bu t are not 
secreted. One possible exp lanation  for th is lack of secretion could be th a t a 
changed polypeptide conform ation, resulting from  m utation , m ay  lead to 
aggregation of th e  proteins w ith in  the  endoplasm ic reticulum . In o rder to  assess 
the  aggregation s ta tu s  of the  p ro te ins in vivo, we have ex trac ted  in jected  oocytes 
w ith a buffer containing T rito n  X-100 and  150 mM-NaCl, a f te r  which the 
hom ogenates were sedim ented on sucrose g rad ien ts (Fig. 5). Oocytes injected with 
ovalbum in m RNA were also processed as a control. I t  is clear th a t  both m utan t 
proteins and full-length ovalbum in sedim ent a t a sim ilar ra te . W e conclude th a t 
no T riton  X-100-insoluble aggregates are form ed w ith in  th e  oocytes. Since the 
relatively  low sa lt concentration in the  g rad ien ts (150 m M ) would n o t be expected 
to  d isrup t ionic associations betw een proteins, it can also be said th a t  the  O V ^  
and OV’His proteins do not form ionically bonded aggregates in vivo.
(c) Carbonate extraction of isolated membranes containing 
OVHi, and OVSay protein
An alte rna tive  explanation  fo r the  absence o f OVHis and OVSau secretion is th a t 
these proteins a re  either peripherally  o r in tegrally  associated w ith  the  oocyte 
m em branes. Peripheral and in teg ral m em brane association can be distinguished 
by ex traction  o f m em branes w ith  sodium carbonate  a t  pH 11 (Fujik i et al., 1982). 
W hen m em branes prepared from  oocytes injected w ith  p T K 2OV 4-, p T K 2OVSau +  
or p T K 2OVHii+  were ex tracted  with sodium carbonate , as described in M aterials 
and M ethods, th e  results show n in Figure 6 were obtained. O ver 40%  of full- 
length ovalbum in and O V j,u proteins were released by incubation  in sodium 
carbonate  (Fig. 0). A second ex tractio n  of th e  m em brane pellet caused a  fu rther 
(approx. 40% ) release of the  residual ovalbum in and  OYrfall (results not shown). In 
co n trast, none o f  the OVHi, p ro duct was released from  th e  m em branes (Fig. 6). 
The co-sedim entation of th e  OVHU product w ith m em branes a f te r  ex traction  is 
not due to carbonate-induced aggregation o f released pro tein  since, on 
centrifugation  o f the carbonate-ex tracted  m em branes a fte r add ition  of T riton 
X-100 (to 1%, v/v), all the  O V HU protein is found in the su p e rn a tan t (results not 
shown). These results indicate th a t, w ithin th e  oocyte, th e  OVHlt product may lie 
in tegrated  in oocyte m em branes, whereas any association of th e  OVj,,, protein 
with the  m em branes can be no  more th an  peripheral.
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F ig. 6. Carbonate extraction of oocyte membranes. Oocytes were injected with constructs as 
indicated and processed as described for Fig. 3. with the exception that oocyte membrane fractions 
were resuspended and stored in modified T buffer. Membranes were then extracted with sodium 
carbonate (pH 110) before centrifugation (see Materials and Methods). Triton X-100 was added to the 
neutralized supernatants to 1°0 (v/v), whilst pellets were resuspended in modified T buffer containing 
1% (v/v) Triton X-100. The samples were then immunoprecipitated and electrophoresed as described. 
1*. pellets; S, supernatants: Con, control.
(d) Expression of ovalbumin-globin fusion proteins
The deletion stra teg y  used above m akes the  assum ption  th a t th e  failure o f a 
protein to  segregate w ith m em branes following th e  rem oval of a specific region of 
the  polypeptide, im plicates th a t  region as con tain ing  pa rt or all o f th e  signal 
sequence. This s tra teg y  suffers from th e  criticism  th a t gross changes in the 
conform ation of p ro teins m uta ted  by large deletions m ay have a  non-specific, 
negative effect on th e ir  transm em brane  translocation . A positive assay  for signal 
function in a part o f th e  ovalbum in molecule involves the  construction o f fusions 
betw een various regions o f ovalbum in and a protein  th a t  ordinarily would no t be 
segregated. The successful translocation  of the fusion product would ind ica te  th a t 
th e  ovalbum in fragm ent present in th e  fusion had “ signal” capacity . A lthough the 
p rim ary  sequence of som e cytosolic proteins m igh t itself impose restric tions on 
transm em brane  segregation (Moreno et nl., 1980). it has been shown th a t  the 
presence of th e  bacteria l /M actam ase signal sequence a t the  N term inus of 
chim panzee a-glohin is sufficient to  ensure the segregation of the  glohin in to  the 
lumen of isolated dog pancreas vesicles (L ingappa et at., 1984). G lobins have been 
shown to  exh ib it no affinity for m em branes e ith e r in vitro (Meek et nl., 1982) or 
in vivo, in Xem/pus oocytes (Zehavi-VVillner & Lane. 1977). The d a ta  in th e  above
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sections implicate, as a signal sequence, an internal section of ovalbum in located 
in the N -term inal half o f the protein. We, therefore, constructed  two gene fusions 
in which two N-term inally located regions o f ovalbum in coding sequence were 
fused to the complete protein-coding region of a chim panzee a-globin cDNA clone. 
pT K 2OY43 G +  encodes amino acids 9 to  41 of ovalbum in fused to  am ino acids 1 
to  142 of chimpanzee a-globin, whilst p T K 2OYHig G 4- contains th e  inform ation 
for amino acids 22 to 41 of ovalbum in fused to  the globin protein (see Fig. 7(a)). 
Figure 7(b) shows the results o f an experim ent where these two constructs were 
expressed in oocytes. After injection of each construct in to  oocytes, a protein of 
the expected molecular weight is precip itated  by anti-hum an haemoglobin 
antibody. The fusion proteins are located predom inantly  in th e  m em brane 
fraction, although in the  case o f the  OVHis globin protein, a small am ount o f the 
full-length protein, and a possible degradation  product, are present in the  cytosol 
fraction. No secreted protein is detectab le  in either sam ple. These fusion proteins 
were resistant to digestion of oocyte m em branes with trypsin  and chym otrypsin 
in the absence of added T riton X-100. However, in th e  presence o f 1% T riton  
X-100, the proteins were degraded (see Fig. 7(c)), indicating  th a t th e  proteins are 
segregated in to  the lumen of the  oocyte mem branes. W e conclude th a t  there is 
sufficient inform ation in the region o f ovalbum in com prising amino acids 22 to  41 
to direct the  insertion and translocation  of a cytosolic protein, chimpanzee 
a-globin, through oocyte m em branes.
4. D iscussion
(a) Effects of deletions on ovalbumin secretion
In this paper, we describe the  m ost recent of several published a ttem p ts  to 
identify th e  uncleaved signal sequence of chicken ovalbum in. I t  is currently  
thought th a t  the signal sequence m ust reside dost* to  the N -term inus of the 
protein (Meek et al., 1982; Hraell & Lodish, 1982) a lthough an earlier report sta tes 
th a t signal function m ay be encom passed by amino acids 229 to  279 of ovalbum in 
(Lingappa et al., 1979). We therefore concentrated ou r search in these regions of 
the protein 's primary structure .
I t  has been noted by Baty et al. (1981) th a t a hybrid  protein consisting o f the 
first seven amino acids of E. coli /7-galactosidase fused to  chick ovalbum in lacking 
amino acids 1 to 5 and 20 to  145, was no t inserted through the plasm a mem brane 
of E. coli. This contrasts with the  observed secretion across the  bacterial inner 
m em brane of a fusion protein containing the  seven N-term inal am ino acids of 
/Lgalactosidase followed by ovalbum in lacking the first five am ino acids (B aty  et 
al., 1981). Taken together, these results indicate th a t the  amino acids fi to 145 of 
ovalbum in contain all, or an essential part of the inform ation necessary for the 
passage of ovalbum in across a m em brane, in prokaryotes. We find th a t deletion of 
amino acids 20 to 145, from an otherw ise unaltered ovalbum in protein, prevents 
the segregation of the m utan t protein inside the E R  of Xenopus oocytes, thus 
implying that all or pa rt o f the  inform ation specifying segregation o f ovalbum in in 
a eukaryotic cell, is also contained w ithin this region.
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This conclusion agrees with the  work of o thers who have used synchronized 
in vitro tran s la tio n  system s to  estim ate  th a t nascent ovalbum in pep tides m ust be 
a t  least 50 to  60 amino acids long (Meek et al., 1982), b u t no longer th an  150 
am ino acids (Braell & Lodish, 1982), in order to  associate functionally  with 
m icrosom al m em branes. These studies con trad ic t an earlier rep o rt (L ingappa et 
al., 1979) th a t  a try p tic  fragm ent relatively n ear the C term inus of ovalbum in, 
and conta in ing  amino acids 229 to  279, com petitively inhib ited  th e  translocation  
of nascent ra t  pre-prolactin into th e  lumen of dog pancreatic  m icrosom es in vitro. 
On th e  basis o f this com petition it was suggested th a t signal function  could be 
ascribed to  a  block of hydrophobic am ino acids (234 to  253) th a t  shared some 
am ino acid  sequence homology with known, N -term inal signal peptides. The 
results o f Meek et al. (1982) and Braell & Lodish (1982), argue against th is 
in te rp re ta tio n  w ithout precluding the  possibility th a t  th e  “ in ternal signal" region 
has a n o th e r role in ovalbum in secretion. For exam ple, ra th e r th an  effecting the  
insertion o f  ovalbum in in to  the E R  m em brane, th e  C-term inal region m ay release 
the  com pleted protein into the  ER lumen by displacing a m ore N -term inally  
located signal peptide from the m em brane, in lieu of p ro teoly tic  processing.
in  o rder to  test the  role of th e  “ internal signal" region in ovalbum in secretion, 
we have created  a m uta ted  cDNA, p T K 2OYSau +  . lacking th e  bases encoding 
am ino acids 231 to  279 of the w’ild-tvpe protein. Expression of th is construct in 
oocytes gave rise to a shortened protein (OVSau) th a t co-fractionated  with oocyte 
m em brane vesicles, bu t was no t secreted in to  th e  culture m edium . The protein is 
over-iV-glycosylated com pared to  wild type ovalbum in, as judged by the  large 
increase in electrophoretic m obility o f the m u tan t p ro tein  a fte r  trea tm en t with 
tunicam ycin . Since AT-glycosvlation is known to  occur on the  lum enal side o f the 
ER m em brane (H anover & Lennarz, 1981), we conclude th a t OVSau gains access 
to the  E R  lumen.
A bnorm al glycosylation (discussed later) was ruled o u t as a possible 
exp lanation  for the  lack of secretion of the  OVSau protein, as unglycosylated 
protein synthesized in the  presence of tunicam ycin was also segregated in
S E G R E G A T I O N  O F  M U T A N T  O V A L B U M I N S  I N  X e n o p u s  O O C Y T E S  65»
Fio. 7. Segregation of ovalburnin-globin fusion proteins, (a) The N-terminal amino arid sequences of 
wild type ovalbumin and the 2 ovalbumin-globin fusion proteins is shown. Globin amino acids are 
shown in the boxes. The new amino acids introduced into the N terminus of O V Hll during its 
construction are shown underlined, (b) Oocytes were injected with p T K 2O V 43G + and pTK2O V HltG  + 
I)NA and then cultured as described for Fig. 3. except that oocytes were incubated for only 9 h in 
radioactive media. At this time, some oocytes were fractionated into membrane (M) and cytosol ((’) 
fractions, whilst the remainder were incubated for a further 8 h in unlabelled media containing 10 m.M- 
methionine. Media from the 0 to 9 h (SI) and 9 to 17 h (S2) oocytes were analysed separately. All 
samples were immunoprecipitated with rabbit anti-human globin and electrophoresed on 12-5% 
polyacrylamide gels. In contrast to the previous experiments. 4 oocyte equivalents of the V and (' 
fractions, and 3 equivalents of the S fractions were loaded onto each track, (c) Membrane fractions 
were prepared from oocytes as in (b), except that phcnylmethylsulphonyl fluoride was omitted from 
the buffers. The membranes were resuspended in 300 p I of modified T buffer containing 10% (w/v) 
sucrose. Samples (100/d) were then diluted into 200 /4I of T buffer alone (C) or T buffer containing 
100 /ig/ml of each of trypsin (Sigma) and chymotrypsin (Sigma) fluoride (E) or containing the enzymes 
and 1%  (v/v) Triton X-100 (T). After 90 min at 15°(\ sodium dodecyl sulphate and 
phenylmethylsulphonyl fluoride were added to 1% (v/v) and ftmM. respectively. Samples were 
immunoprecipitated with anti-haemoglobin and elect rophoresed.
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m em branes, but no t secreted from th e  oocytes. These results were consistent w ith 
the hypothesis th a t the  deletion of am ino acids 231 to  279 m ay im pair th e  release 
o f the  completed m u tan t protein from  th e  E R  m em brane. However, the  release o f 
OVSau from oocyte m em brane vesicles a fte r  carbonate  trea tm e n t (Fig. 6) indicates 
th a t the  protein is not an integral part o f the  ER m em brane, bu t is free in th e  
lumen of secretory m em branes.
W hilst no strong association seemed to  exist between OVs,u and m em branes, it 
remained possible th a t  the m u tan t pro tein  could aggregate w ith itself o r o th er 
proteins in the E R  lumen. Aggregation has been cited as th e  m ain reason for the  
lack of m ovem ent to  the  cell surface of several vesicular stom atitis  virus 
m em brane proteins containing tem perature-sensitive  m u ta tio n s in th e ir lum enal 
dom ains (L eavitt et al., 1977a.5; Rice & Strauss, 1982); however, in th is paper, no 
sign of aggregation of the OYSau protein  was detected  (Fig. 5).
A nother possibility is th a t th e  deletion of amino acids 231 to  279 of ovalbum in 
may directly  o r indirectly (via conform ational p e rtu rba tion ) rem ove some 
hypothetical sorting sequence necessary for tran sp o rt o f th e  protein beyond the 
ER. It has been reported th a t  m u ta tio n  can block the  m ovem ent o f p ro teins to 
the cell surface. For exam ple, M osmann et al. (1979) have described a  v a rian t 
MOPC 315 imm unoglobulin light chain th a t entered  the  E R  but failed to  be 
secreted from m yelom a cells, p robably  due to  conform ational changes arising 
from a  single am ino acid change. This sam e phenotype was ap paren t when this 
protein was produced in Xenopus oocytes (Valle et al., 1983).
Sim ilarly, rem oval of the  transm em brane “ anchors” and C-term inal “ ta ils” of 
various integral m em brane proteins, including vesicular stom atitis  virus G -protein 
(Rose & Bergm an. 1983) or th e  Semliki Forest virus E 2 m em brane protein 
(I). Cutler, personal com m unication), leads to  re ten tion  o f th e  deleted proteins 
within the E R , although tru n ca tio n  o f influenza haem agglutinin resu lts in 
com plete secretion of th e  shortened proteins (Sveda et al., 1981; G eth ing  & 
Sam brook. 1982).
Thus, our d a ta  rule ou t firm a ttach m en t to  m em branes, aggregation, and 
abnorm al glycosylation as reasons for th e  lack of com plete secretion of the  OVSau 
protein. The rem aining possibilities are th a t OV^,, rem ains within th e  E R  lumen 
due to  the loss o f  a specific signal th a t is e ither encoded by th e  deletion region or 
is m asked by conform ational changes resulting from th is deletion, o r th a t  the 
m utan t protein sticks to  the  inner surface of secretory m em branes by v irtu e  of a 
|H*ripheral hydrophobic in teraction  th a t prevents or g reatly  re ta rd s protein 
m ovem ent ou t o f the cell, bu t is d isrup ted  by carbonate  trea tm en t o f oocyte 
m em brane vesicles. Nevertheless, despite  the  non-secretory phenotype of OVSau, 
the segregation of th is protein w ithin the  ER  lum en, as judged by its 
glycosylation and its release from m em branes by carbonate  ex traction , argues 
against an essential role for th e  deleted sequence (residues 231 to  279) in the 
process of translocation  of ovalbum in through the  ER m em brane.
The involvem ent o f th e  ex trem e N term inus of ovalbum in in secretion was 
addressed by deleting th e  first eight am ino acids o f the  protein, a m anipulation 
th a t had no detectab le  effect on e ith e r the segregation or secretion of the  m utan t 
product (OV43). It has l>een dem onstra ted  th a t the  rem oval of sim ilar regions of
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N -term inal, cleavable signal sequences prevents m em brane-insertion of the 
protein (Talm adge et al.. 1981; Gething & Sam brook, 1982; Sekikawa & Lai. 
1983). th u s we conclude th a t th e  extrem e N term inus of ovalbum in plays no role 
in the segregation or secretory process, indicating th a t the signal sequence of the 
protein is “ in ternal" , to  th e  e x te n t of a t least eight amino acids. In th is respect, 
ovalbum in resembles influenza neuram inidase, which appears to possess, near, but 
not a t the  N term inus, a hydrophobic region th a t acts as an uncleaved signal 
sequence; a lthough in the case o f  neuram inidase, the hydrophobic dom ain seems 
to  serve a dual function as bo th  signal sequence and m em brane anchor (Davis et 
al., 1983; M arkoff et al.. 1984).
When 20 N-term inal am ino acids o f ovalbum in were removed (OVHis). the  
resulting protein  was segregated  in oocyte m em branes, bu t was not secreted into 
the cu ltu re  medium. Like OVSau. the OVHis protein was heavily AT-glycosvlated. 
indicating its intralum enal location. Meek et al. (1982) have speculated th a t the  
role of am ino acids 1 to  25 in ovalbum in is to  participate in the  form ation of a 
hairpin loop with am ino acids 25 to  45. and th a t this loop struc tu re  is the  signal 
element fo r insertion in to  th e  ER m em brane. Our finding th a t ovalbum in 
segregation can occur in th e  absence of am ino acids 2 to  21. excludes th is 
hypothesis. The absence o f a n y  secretion of OVHis. however, m ay im plicate the  
deleted region in the  secretory  process.
As in th e  case o f OVSau, abnorm al glycosylation (discussed later) of the OVHis 
protein was ruled out as an  exp lanation  for its non-secreted phenotype. However, 
unlike OYSau. ()VHis was no t released from oocyte m em brane vesicles by trea tm en t 
with carbonate , indicating th a t  OVHU remains anchored in the mem branes, th u s 
im plicating the deleted am ino  acids (2 to 21) in the normal release o f ovalbum in 
into the  lumen of the  ER. I t  m ust be remembered th a t, in the construction of th is 
m utan t, four amino acids, including two leucine residues, were introduced a t  the  
amino term inus of the  re su lta n t protein. We cannot exclude th e  possibility th a t 
the apparen t association o f th e  OVHis protein with oocyte m em branes is an 
a rtefactual function of these  added amino acids. W ith th is qualification, we 
hypothesize th a t the  OVHis m u tan t protein remains anchored in the  E R  
m em brane by the hydrophobic block of am ino acids near the N term inus (amino 
acids 28 to  4fi). Since the  OV 43 protein, lacking amino acids 1 to  8, was secreted, 
we suggest th a t the norm al role o f the N-term inal amino acids in ovalbum in, 
specifically amino acids 9 to  21, is to displace the uncleaved, hydrophobic signal 
sequence from the m em brane.
H ortin  & Boime (1981) hav e  reported th a t uncleaved pre-prolactin containing 
the threonine analogue. /?-hydroxynorvaline, accum ulated in the  ER of isolated 
rat p itu itaries, and was n o t secreted. The absence of processing by signal 
peptidase was a ttr ib u te d  to  th e  incorporation of /J-hydroxynorvaline at position 
29 in th e  pre-protein, ad jacen t to  the signal cleavage site. Both sonication and low 
concentrations of de tergen t released the pre-protein from isolated microsomes, 
indicating th a t the uncleaved protein had l>een translocated completely through 
the ER  m em brane and w as free in the intra-cisternal space. These results would 
seem to  disprove the  idea th a t  signal cleavage is necessary for passage of a 
secretory protein ou t o f th e  E R  mem brane although, in the absence of com parison
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w ith th e  behaviour o f a known m em brane p ro te in  un d er these experim ental 
conditions, the  d a ta  presented by H ortin  & Boime (1981) cannot unequivocally 
define th e  disposition of th e  p re-prolactin  polypeptides w ithin the  EH . In 
add ition , th e  possible incorporation  o f  /i-hydroxynorvaline  a t position 12 in the  
signal peptide, as well as a t  position 29. m ay affect th e  in teraction  o f th is region of 
th e  pre-protein w ith the  E R  m em brane.
I t  should be poin ted  ou t th a t,  in th is  paper, com parison w ith an  appropria te  
in tegral m em brane protein  “ con tro l” was not possible in th e  case o f  th e  OVg,,, and 
OVHU m u tan ts. I t  can only be said th a t,  a f te r  carb o n a te  trea tm en t of oocyte 
m em brane vesicles, th e  disposition o f th e  O V ^  pro tein , resem bled th a t o f wild 
type  ovalbum in, which is known to  be secreted from  th e  oocytes. On th e  o ther 
hand, th e  OVHi, protein, which lacked am ino acids 2 to  21 bu t retained the 
hydrophobic region betw een am ino acids 28 and 46, showed a m uch stronger 
association with oocyte m em branes. Ju liu s  et al. (1984) have suggested th a t ,  in 
yeast, th e  in itially  uncleaved, hydrophobic N term inus of the  pre-proa-m ating 
facto r m ay direct th e  correct secretion of th e  precursor by m aintain ing  contact 
betw een the  protein and organelle m em branes un til relatively  la te  in the  secretory 
pathw ay. I t  is possibly th is so rt o f p ro te in -m em b ran e  in teraction  th a t  is 
perverted  by th e  deletion of 21 am ino acids from  th e  X term inus of ovalbum in, 
a lthough  pre-proa-factor differs from ovalbum in  in being extensively 
proteoly tically  processed ju s t before release from  th e  cell.
I f  am ino acids 28 to  46 do  co n stitu te  all o r p a rt o f the  ovalbum in signal 
sequence (tee below ), th e  deletion o f  th is  region should  prevent translocation . W e 
failed to  detect any  imm unospecific pro teins a fte r  injection of p T K 2()VNco + , a 
construct lacking inform ation for am ino acids 1 to  40. a lthough th e  m uta ted  DNA 
was transcribed  w ith an  efficiency com parable to  th a t o f  the  wild type construct, 
p T K 2OV +  (result no t shown). T he pred ic ted  5' leader sequences of th e  
tran scrip ts  from these tw o co n stru cts are identical, th u s the  expected transla tion  
efficiency o f each species would be th e  sam e. C onsequently, th e  m ost likely 
exp lanation  for th e  absence of OV’Nco pro tein  is th a t the  protein  is m ade, bu t 
rapidly degraded, m ost probably  in the  cytosol co m partm en t o f the  oocyte. 
Consistent w ith th is in te rp re ta tio n  are th e  resu lts o f o ther workers, w’ho note 
m uch reduced levels (Gething & Sam  brook, 1982) o r no protein a t all (D avis et at.. 
1983) when signal-m inus m u tan t p ro teins were expressed in cultured  cells. 
S tab ility  in th e  oocyte cytoplasm  presum ably  depends on the  conform ation o f a 
p a rticu lar protein as m iscom partm ented  wild ty p e  ovalbum in and th e  OV*, 
m utan t were clearly visible in cytoplasm ic fractions, w’hereas th e  OV’Nco protein as 
well as a double deletion m u tan t lacking am ino acids 20 to  145 and  231 to  279, or 
an  N -term inally  ex tended  version o f  OVj,, (from p T K 2OVs#l —) were never 
detected  (results no t shown).
(b) Synthesis o f ovalbumin—globin fusion proteins
Lingappa et al. (1984) have shown th a t  th e  com plete chim panzee a-globin 
polypeptide can In* translocated  in to  the  lum en of dog pancreatic  vesicles in vitro 
if it is fused to  the  bacterial /M actam ase signal sequence. In th is pa|>er. W'e
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dem onstra te  th a t am ino acids 9  to  41 or 22 to  41 o f ovalbum in are sufficient to 
transfer this sam e globin polypeptide into th e  endoplasm ic reticulum  of oocytes. 
These results indicate th a t sufficient inform ation  for the insertion and 
translocation  o f a  polypeptide resides w ithin am ino  acids 22 to  41 of ovalbumin, 
although a t th is tim e we cannot rule ou t a  con tribu tion  from either the  four 
“ new ” am ino acids introduced in to  the N term inus o f OVHU globin (see Fig. 7(a)), 
or from valine 42 o f  ovalbum in, which is replaced by valine 2 of globin. We could 
not detect the  secretion of e ith e r fusion p ro d u c t, but fu rther information is 
required before th e  molecular basis o f th e  non-secretory phenotype can be 
determ ined (for a detailed discussion, see above).
(c) Fate of extended ovalbumins
Analysis o f th e  deletion m u ta n ts  described here has dem onstrated th a t the 
signal sequence of ovalbum in begins a t least 21 amino acids in from the X 
term inus of the  proteins. In th e  accom panying paper, we describe how ovalbumin 
containing an additional 21 am ino acids a t  th e  X term inus is segregated and 
secreted, whereas ovalbum in contain ing  a 51 am ino acid extension remains in the 
cytosol. The prim ary  s truc tu res o f these ex tensions are completely different but 
neither contains extensive hydrophobic regions. We interpret these results as 
indicating th a t  th e  presence o f  th e  51 but n o t th e  21 am ino acid extension of the 
nascent chain o f ovalbum in can interfere w ith the  recognition of the signal 
sequence during translation . Interference o f th is kind is thought to explain why 
translocation of neither ovalbum in nor secretory  proteins containing X-terminal 
signal sequences will occur unless microsomes are  present soon after translation 
initiates, in vitro (Blobel & D obberstein, 19756). Thus, although the internal 
position of th e  signal sequence of ovalbum in suggests a looped mode of 
polypeptide insertion into m em branes, there  would seem to  be a limit, in vivo, to  
the perm itted  length of the X -term inal portion  o f the  loop.
(d) Glycosylation of mutant ovalbumins
We have com m ented above th a t  and  ()VHiI proteins are over-glycosylated
with respect to  wild type ovalbum in. The inh ib ition  of glycosylation observed in 
the  presence of tunicaniycin indicates th a t  the  oligosaccharide side chains are 
X-linked. O valbum in has only tw o po ten tial AT-glycosylation sites, at asparagines 
293 and 312. and in vivo only asparagine 293 becomes glycosylated (Huang et al.. 
1970), although asparagine 312 in unfolded ovalbum in can be glycosylated by an 
in vitro glycosylation system  (Pless & Lennar/.. 1977; Glabe et al.. 1980). Under 
conditions where the tunicam ycin trea tm en t was only partially effective, two 
additional bands of higher m obility were prom inent after O V ^  and OVMlt 
expression. This observation, together with th e  fact th a t OVHlt and O V ^  ap|>ear 
to  be over-glycosylated, suggests that asparag ine 312 is utilized in these two 
proteins, in addition  to asparagine 293. In th e  case o f OVH|t . the presence of a 
small am ount o f the  “ in term ed iate” hand in th e  absente o f tunicam ycin indicates 
th a t the  second site is not alw ays utilized. The cause of the over-glycosylation
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rem ains uncertain , although it would probably  result from  the  m u ta n t proteins 
possessing a  different conform ation to  th e  wild type protein. A lternatively , over- 
glycosylation  may occur because the  proteins are not secreted. We have 
d em o n stra ted  th a t a non-secretory mouse myelom a im m unoglobulin light chain 
becomes xV-glycosylated post-transla tionally  in bo th  oocytes and m yelom a cells 
(Valle et al., 1983), whereas the wild type  light chain, which is secreted, is never 
giy cosylatcd .
S. C o n c lu s io n s
T he behaviour o f deletion m utan ts reveals th a t the  eight extrem e N -term inal 
am ino aeids of ovalbum in evidently  play no role in protein secretion, w hereas the 
deletion o f  amino acids 2 to  21 prevents th e  secretion of th e  shortened  protein, 
possibly by  preventing the  completion bu t not the  in itiation  of transm em brane  
translocation  into the  ER . Removal of am ino acids 1 to  40 results in no  detectable 
protein  product in oocytes, and we speculate th a t th is is a consequence of the  
m iscom partm entation  and subsequent degradation  of th e  m u tan t pro tein  in the  
cytosol. T h is m iscom partm entation would presum ably itself be a consequence of 
th e  loss o f  inform ation specifying insertion in to  the  E R , thereby im plicating  a 
region beginning between amino acids 22 and 40 as having signal function. This 
ex p lan atio n  is supported, and the  carboxy-term inal lim it o f the  signal region is 
defined, by  the dem onstration  th a t am ino acids 22 to  41 of ovalbum in are 
sufficient to  specify transport o f the  cytosolic protein, 3-globin, th rough  the 
oocyte E R  m em brane, although we do not know w hether it leaves th e  m em brane 
(ef. OVH11). We therefore conclude th a t ovalbum in contains an in te rnal signal 
sequence encom passed by amino acids 22 to  41. although am ino acids 9 to 21 m ay 
be essential for the  successful com pletion of trans-m em brane translocation . This 
conclusion is in agreem ent with a suggestion first m ade by M cReynolds et al. 
(1978). th a t  the signal sequence of ovalbum in is likely to  include th e  block of 
hydrophobic  amino acids at position 28 to  46. Since we have not system atically  
scanned th e  ovalbum in polypeptide for m ore regions th a t  can confer translocation  
ab ility  on  globin. it remains possible th a t  th e  “ physiological” signal sequence is 
m ore in ternally  located. However, th is is unlikely since the "s ig n a l"  sequence 
identified in this paper is th a t nearest th e  N term inus, and would be expected to 
m ediate in the initiation of translocation  as soon as it emerges from th e  ribosome. 
O ur resu lts exclude the  involvem ent o f the  previously described in ternal signal 
sequence (Lingappa et al.. 1979) in in itiation  of ovalbum in translocation ; however, 
th is  region may have a role in in tralum enal tran sp o rt of the  protein  beyond 
th e  E R .
We have deduced the  transm em brane orientation  of the  non-secreted m u tan t 
ovalbum ins on the  basis of their fractionation , glycosylation sta tu s , and response 
to  carbonate  extraction . U nfortunately , the  resistance of the m u ta n t ovalbum ins 
to  all b u t very severe proteas*- trea tm en ts  has precluded precise investigation  of 
th e  disposition of the  m utan t proteins w ithin oocyte m em branes, although the 
localization of the globin fusion proteins was determ ined successfully by the  use of 
s ta n d a rd  protease-protection analysis. W'e are curren tly  exam ining both the
SEGREGATION OF MI TANT OVALBUMINS IN X e n o p u n OOCYTES «85
insertion of the  OVH1, m u tan t into dog pancreatic  microsomes. and  th e  behaviour 
of the OVNco protein in in vitro transla tion  system s program m ed w ith in vitro- 
svnthesized mRNAs.
The authors are grateful to the Medical Research Council (L .K.) for support.
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